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PRODUCTION OF OXIDE FIBERS BY CO-REDUCTION 
by P. Loewenstein and C. Zenuk 
The o b j e c t i v e  of t h i s  work was t o  study t h e  p l a s t i c  deformation 
of metal oxides by high temperature ex t rus ion  i n  a matrix o f  
molybdenum and tungs ten .  I r r e g u l a r  p o l y c r y s t a l l i n e  powder p a r -  
t i c l e s  of s ix  d i f f e r e n t  oxides and s i n g l e  c r y s t a l  spheres of one 
oxide were extruded w i t h  t h e o r e t i c a l  e longa t ions  of 9 ,  81, and 
729 t i m e s ,  a t  temperatures between 58 percent and 96 percent 
of t h e i r  absolu te  melting poin t .  It was shown t h a t  t he  molyb- 
denum matrix w a s  t o o  s o f t  t o  deform the  oxides.  The spherical  
s i n g l e  c r y s t a l  material d i d  n o t  deform under any circumstances.  
The p o l y c r y s t a l l i n e  oxides a l l  deformed i n  the  tungs ten  mat r ix ,  
bu t  t h e  amount of deformation d i d  no t  approach the  deformation 
of t he  matrix. Most of t he  f i b e r s  formed were i r r e g u l a r  and 
extremely f r a g i l e .  
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PRODUCTION OF OXIDE FIBERS BY CO-REDUCTION 
by P. h e w e n s t e i n  and C. Zenuk 
I n  t h i s  program an at tempt  was made t o  p l a s t i c a l l y  deform s ix  d i f f e r e n t  
metal oxides by co-extrusion a t  high temperatures i n  a matrix of molyb- 
denum o r  tungsten.  The s t a r t i n g  ma te r i a l s  were po lyc rys t a l l i ne  i r r e g u l a r l y  
shaped massive powders of aluminum oxide,  beryl l ium oxide,  zirconium oxide,  
magnesium oxide , hafnium oxide,  and thorium oxide , and sphe r i ca l  s i n g l e  
c r y s t a l s  of aluminum oxide i n  the  form of sapphire  and ruby. The oxides 
were extruded i n  a temperature range between 58 percent and 96 percent  of 
t h e i r  absolu te  mel t ing temperatures.  
a reduct ion  i n  a rea  of 9 t imes; double ex t rus ions ,  a t  a t o t a l  reduct ion  
r a t i o  of 81 times; and one t r i p l e  ex t rus ion ,  a t  a t o t a l  reduct ion of 729 
times. The p r inc ipa l  method of eva lua t ing  the f i b e r i n g  process was by 
metal lographic  examination of t he  oxides and through p a r t i a l  and complete 
f i b e r  ex t r ac t ion .  The geometry of the  r e s u l t i n g  f i b e r s  was determined by 
comparing o r i g i n a l  powder diameters wi th  f i b e r  diameters a f t e r  ex t rus ion .  
No at tempt  was made t o  measure physical  p rope r t i e s  of f i b e r s .  
Single  ex t rus ions  were c a r r i e d  out  a t  
I n  s p i t e  of considerable  t echn ica l  problems a s soc ia t ed  wi th  high tempera- 
t u r e  ex t rus ion ,  a number of conclusions were reached. The molybdenum 
matr ix  proved t o  be too s o f t  t o  deform the  oxides ex tens ive ly .  The tungsten 
matrix appeared t o  r e s u l t  i n  some f i b e r i n g  i n  a l l  cases and i n  ex tens ive  
elongat ions i n  some cases .  I n  no case was the  e longat ion  of the oxides 
equal  t o  t h e  e longat ion  ca l cu la t ed  from t h e o r e t i c a l  cons idera t ions  assuming 
per fec t  s t reamlined metal  and oxide flow. S ingle  c r y s t a l  rub ies  and 
sapphires  d i d  not  deform under any of the experimental  condi t ions ,  and the  
po lyc rys t a l l i ne  aluminum oxide produced the poorest  q u a l i t y  of f i b e r s .  I n  
most cases l imited deformation took place during the  f i r s t  ex t rus ion ,  while  
more ex tens ive  e longat ion occurred i n  subsequent ex t rus ions .  It appeared 
t h a t  f i b e r i n g  is  not  simply a d i r e c t  func t ion  of temperature but  r a t h e r  
t h a t  t he  r e l a t i v e  s t i f f n e s s  of t he  matrix compared t o  the  s t i f f n e s s  of t h e  
f i b e r s  is of equal  importance. 
The program has shown t h a t  metal  oxide powders can be deformed i n t o  the  
shape of long, t h i n  f i b e r s  by m u l t i p l e  ex t rus ion .  Considerably more work 
i s  requi red  t o  y i e l d  an optimized oxide f i b e r  s u i t a b l e  as a r e in fo rc ing  
material i n  a composite s t r u c t u r e .  
INTRODUCTION 
Advanced aerospace app l i ca t ions  r equ i r e  materials capable of func t ion ing  
i n  an  environment of eve r  higher  temperatures and stresses. A t  present  
the temperature l i m i t s  f o r  most metals and a l l o y s  have been nea r ly  reached. 
Composites w i l l  probably become the  next p r a c t i c a l  engineer ing ma te r i a l s  
capable of use a t  apprec iab ly  higher  opera t ing  temperatures. One family of 
composite ma te r i a l s  w i l l  c o n s i s t  of a r e f r a c t o r y  metal matrix wi th  var ious 
types of high temperature, h igh  s t r e n g t h  f i b e r  reinforcements.  Metal oxide 
f i b e r s  are of p a r t i c u l a r  importance because of t h e i r  high temperature 
c a p a b i l i t i e s  and t h e i r  lack of r eac t ion  wi th  matrix ma te r i a l s  a t  opera t ing  
temperatures.  
One poss ib le  method of producing such metal  oxide f i b e r s  i s  by p las t ic  
deformation of h igh  q u a l i t y  oxide particles i n  t h e  ex t rus ion  process.  Such 
a deformation may take place w i t h i n  the  mat r ix  of t h e  composite ( i n  s i t u  
f i b e r i n g ) ,  o r  it may take place wi th in  a s a c r i f i c i a l  mat r ix  from which the  
f i b e r s  are ex t r ac t ed  by chemical means f o r  f u r t h e r  processing i n t o  t h e  
composite s t ructure .  
P l a s t i c  deformation of ceramics a t  practical  metal  working s t r a i n  r a t e s  i s  
a phenomenon which has been observed only r e c e n t l y ,  although plast ic  flow 
a t  c reep  ra tes  i s  a w e l l  known geo log ica l  phenomenon. 
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The e x t r u s i o n  process  was chosen f o r  t h i s  a t t e m p t  a t  plast ic  deformation 
of oxides  f o r  t he  fol lowing reasons : 
are mainly compressive. 
I n  e x t r u s i o n  deformation stresses 
Ext rus ion  is a one-step process ,  avoiding t h e  
* 
Charles  Blankenship, "Oxide Deformation and F i b e r  Reinforcement i n  a 
Tungsten - Metal Oxide Composite," NASA L e w i s  Research Center,  Cleveland, 
Ohio, NASA Technical  Note, NASA-TN-D-4475. 
i n  Refractory Metal Matrices," NASA L e w i s  Research Center,  Cleveland, 
Ohio , NASA Technical Note , NASA-TN-D-3923. 
*Robert W. Jech,  John W. Weeton, Robert S i g n o r e l l i ,  "Fibering of Oxides 
2 
need f o r  f requent  rehea t ing .  The process is  very f a s t ,  avoiding cool ing  
of the  material from t h e  high deformation temperatures.  No o t h e r  process  
i s  a v a i l a b l e  which combines these  f e a t u r e s  of ex t rus ion .  
plate r o l l i n g  may be considered as an a l t e r n a t i v e  process.  
r equ i r e  f requent  rehea t ing .  On t h e  o t h e r  hand, deformation rates could be 
slower than  those requi red  i n  ex t rus ion ,  thus f a c i l i t a t i n g  p las t ic  deforma- 
t ion  e 
Rod r o l l i n g  o r  
Rol l ing  would 
The a i m  of  t h i s ’work  was t o  demonstrate i n  a prel iminary fash ion  t h a t  
f i b e r s  u s e f u l  f o r  s t r u c t u r a l  app l i ca t ions  could be produced by t h e  co- 
ex t rus ion  process.  
OBJECTIVE 
The ob jec t ive  of t h i s  work was t o  produce f i b e r s  wi th  a high (> 100) 
length-to-diameter r a t i o  from six d i f f e r e n t  commercially a v a i l a b l e  high 
q u a l i t y  metal oxide powders: aluminum oxide,  bery l l ium oxide,  zirconium 
oxide,  hafnium oxide,  magnesium oxide,  and thorium oxide.  The powders 
were t o  be i n  a s i z e  range between 1.2 mm and 1.4 mm. 
The f i b e r i n g  process w a s  t o  be eva lua ted  wi th  respect t o  a number of 
va r i ab le s  : 
1, Type of oxide 
2. Type of matrix 
3 .  Temperature of deformation 
4 .  T o t a l  amount of deformation 
5. Rela t ive  amount of oxides  and matrix. 
The emphasis of t h i s  prel iminary work was t o  be on production of f i b e r s  
r a t h e r  than  on eva lua t ion  of r e s u l t i n g  f i b e r  p rope r t i e s .  
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EXPERIMENTAL WORK 
Materia 1s 
Oxides -- Six  d i f f e r e n t  po lyc rys t a l l i ne  metal  ox ides ,  ranging i n  mel t ing 
point  from 2000°C t o  31OO0C,  were chosen f o r  t h i s  program. 
some of t h e i r  physical  c h a r a c t e r i s t i c s  are l i s t e d  i n  Table I. An a t t e m p t  
was made t o  o b t a i n  h igh  p u r i t y ,  h igh  d e n s i t y  material i n  granular  form, 
uniform i n  s i z e  and shape. The sources of the  powders and the s i z e  range 
and quan t i ty  purchased are given i n  Table 11. 
The oxides and 
The s i z e  range of t he  commercially a v a i l a b l e  m a t e r i a l  was f u r t h e r  narrowed 
t o  1.2mm t o  1.4mm (-14 4-16 Tyler  s i eve  s i z e )  f o r  a l l  oxides except  bery l l ium 
oxide,  which was used i n  a s i z e  range of .83 mm t o  1.4mm (-16 +20 Tyler  
s i eve  s i z e ) .  The broader s i z e  range f o r  the  beryl l ium oxide was d i c t a t e d  
by the f a c t  t h a t  too  l i t t l e  of  t he  purchased powder f e l l  w i th in  the  narrower 
s i z e  range. 
The oxides had a rough wedge-like massive shape, shown i n  Figure 1. They 
were f u r t h e r  charac te r ized  by determining t h e i r  bulk o r  apparent  d e n s i t y  
and t h e i r  par t ic le  dens i ty ,  and comparing these  t o  the  repor ted  t h e o r e t i c a l  
dens i ty .  The r e s u l t s  of these  measurements are shown i n  Table 111, and 
they  confirm the s i m i l a r i t y  of the  e x t e r n a l  c h a r a c t e r i s t i c s  of t h e  powders 
used, w i th  bulk d e n s i t i e s  ranging from 43.4 percent  t o  46.7 percent  of 
t h e o r e t i c a l  and par t ic le  d e n s i t y ,  from 92.5 percent  t o  99.3 percent  of 
t h e o r e t i c a l  dens i ty .  
Since it i s  bel ieved t h a t  the p l a s t i c i t y  of ceramics may be r e l a t e d  t o  
the t o t a l  amount bf g r a i n  botmdaries present  i n  a given volume (which 
depends on t h e  average g r a i n  s i z e  of t h e  m a t e r i a l ) ,  a g r a i n  s i z e  d e t e r -  
mination f o r  the  po lyc rys t a l l i ne  ma te r i a l  was c a r r i e d  out .  
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The g r a i n  s i z e  of the  oxide ma te r i a l  was determined by X-ray d i f f r a c t i o n ,  
using back r e f l e c t i o n  (Laue) techniques.  
was 125 microns, a l l  s i n g l e  c r y s t a l  Laue pa t t e rns  ind ica ted  oxide g ra ins  
l a r g e r  than 125 microns (coarse) .  When sharp  d i f f r a c t i o n  r ings  were ob ta in  
obtained,  g ra ins  of less than  2 microns ( f i n e )  were assumed t o  be present ,  
s ince  l i n e  broadening begins below t h i s  s i z e  Laue pa t t e rns  containing 
many spots  wi th  a suggest ion of d i f f r a c t i o n  r i n g s  ind ica t ed  g ra ins  2 t o  
125 microns i n  s i z e  (medium). The resul ts  of the  g r a i n  s i z e  determinat ion 
and of X-ray c r y s t a l  s t r u c t u r e  and X-ray f luorescence impurity determinat ions 
a r e  shown i n  Table I V .  Grain s i z e s  were found t o  be non-uniform f o r  the  
var ious ma te r i a l s  e 
Since the  X-ray beam diameter 
I n  add i t ion  t o  the  po lyc rys t a l l i ne  m a t e r i a l ,  s i n g l e  c r y s t a l  aluminum oxide 
i n  the  shape of pe r fec t  spheres  wi th  a diameter of 1.09 + - .075 mm were 
obtained (Figure 2) .  These cons is ted  of two types:  pure alumina ( sapphi re)  
and alumina conta in ing  chromium oxide (ruby).  
Matrix Materials -- Two matr ix  ma te r i a l s  were used: molybdenum and 
tungsten.  Both were commercially a v a i l a b l e  powders, b e t t e r  than 99.9 pe r -  
cen t  pure, having a par t ic le  s i z e  l e s s  than  10 microns. Since the  main 
func t ion  of  these  ma te r i a l s  was t o  sepa ra t e  oxide par t ic les  and t o  t ransmi t  
ex t rus ion  f o r c e s ,  no special  e f f o r t  was made t o  ob ta in  high pu r i ty  metals 
o r  t o  f u r t h e r  cha rac t e r i ze  the materials. 
Canning Mater ia l  -- The matrix/oxide mixtures were placed i n t o  cans of 
s o l i d  tungsten o r  TZM molybdenum a l l o y  (Mo-5Ti-.08Ta). The cans were 
obtained finish-machined from commercial sources .  The dimensions of the  
cans a r e  shown i n  Figure 3 .  
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EXPERIMENTAL TECHNIQUES 
B i l l e t  Pre parat ion  
Mixing of Oxides and Matrix Mater ia l s  -- Mixing was accomplished simply 
by weighing the  two materials, placing them i n  16-ounce g a l s s  jars,  and 
tumbling the  jars on r o l l e r s  f o r  approximately f i v e  minutes. Uniform 
mixing could be determined e a s i l y ,  s ince  the co lo r  and s i z e  of t he  p a r t i c l e s  
allowed observa t ion  of the  particles i n  the molybdenum o r  tungsten matr ix .  
Weight percent  was ca l cu la t ed  from volume percent  using values  of theo-  
r e t i c a l  d e n s i t y  f o r  the  oxides and the  matrix metal. The proper amount 
of each ma te r i a l  t o  be mixed was then  weighed ou t  and placed i n t o  the  
jars .  
f u l l y  dense body conta in ing  15 volume percent  oxides and 85 volume percent  
matrix. 
The oxides ,  f o r  a l l  bu t  one b i l l e t ,  were mixed so  as t o  y i e l d  a 
Loading and Sea l ing  of B i l l e t s  -- The f i r s t  s tep  i n  the prepara t ion  of 
b i l l e t s  conta in ing  the  metal  matr ix/oxide cores  was cold pressing the  
powders i n  TZM o r  tungsten cans. 
cans i n  mild s t ee l  tubing (Figure 3 ) ,  and placing the  assembly i n  a 
hardened s t ee l  compacting d i e .  
(1) 
the TZM o r  tungsten cans t o  the  pressing d i e ,  preventing can s p l i t t i n g ,  
and (2)  It yielded a s l i g h t l y  undersize TZM o r  tungs ten  can a f t e r  
removal of the s teel  can f o r  easy  i n s e r t i o n  i n t o  t h e  ex t rus ion  l i n e r  a t  
e leva ted  temperatures.  
This was accomplished by placing the  
The mild s t ee l  can served two func t ions :  
It t r a n s f e r r e d  poss ib le  expansion fo rces  occuring during press ing  from 
The cold press ing  of the  powders was c a r r i e d  out  i n  a v e r t i c a l  press 
using a fo rce  of approximately 10 kg. Metal spacers, e i t h e r  TZM o r  
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tungsten were placed between pressings of d i f f e r e n t  a r e a s ,  allowing the  
ex t rus ion  of up t o  four  d i f f e r e n t  ma te r i a l s  i n  one s i n g l e  b i l l e t .  
For re -ex t rus ion  of cores ,  the same b a s i c  design was used wi th  t h e  space 
between the  cores  and the  cans f i l l e d  wi th  cold pressed tungsten powders. 
A l l  cold pressed b i l l e t s  were outgassed i n  a vacuum furnace a t  a temperature  
of 315°C before  sea l ing .  
and s e a l i n g  of b i l l e t s  and hot  compacting before  ex t rus ion .  A t t e m p t s  t o  
s e a l  b i l l e t s  by TIG welding of end plugs and evacuat ion sea l ing  by e l e c t r o n  
beam welding r e s u l t e d  inva r i ab ly  i n  cracking of the tungsten cans o r  the 
weld. 
a t  e leva ted  temperatures due t o  i n t e r n a l  pressure.  Without s e a l i n g ,  it 
appeared t h a t  the  hot  compacting s t e p  would not  se rve  any use fu l  func t ion  
and would a c t u a l l y  promote oxide -matrix i n t e r a c t i o n  on subsequent hea t ing  
f o r  ex t rus ion .  Hot compacting f o r  B i l l e t s  1 through 6 was c a r r i e d  out  a t  
1093OC using 12,000 kg/cm pressure which w a s  maintained f o r  10 seconds. 
The o r i g i n a l  work plan ca l l ed  f o r  the  evacuat ion 
Fur ther  d i f f i c u l t i e s  were encountered wi th  swel l ing  of sea led  cans 
2 
Because of the  r e f r a c t o r y  nature  of t he  oxides ,  i t  was f e l t  t h a t  t he  
heat ing of the  b i l l e t s  f o r  ex t rus ion  i n  a p a r t i a l  atmosphere of an i n e r t  
gas would not  lead t o  oxide d e t e r i o r a t i o n .  
was c a r r i e d  out  f o r  B i l l e t s  1 through 6 ,  but  a number of d i f f i c u l t i e s  
developed, and a l l  subsequent b i l l e t s  were extruded d i r e c t l y  a f t e r  cold 
packing without  s e a l i n g  o r  hot  compacting. 
Sea l ing  and hot  compacting 
A f u r t h e r  problem was encountered due t o  the  b r i t t l e n e s s  of the tungsten 
cans even a t  the h ighes t  temperatures.  A s  w i l l  be discussed s h o r t l y ,  
the t r a n s f e r  from the  heat ing c o i l  t o  t h e  ex t rus ion  press  involved dropping 
the b i l l e t s  through a chute from a he ight  of s e v e r a l  f e e t .  Some of the  
e a r l y  tungsten b i l l e t s  broke during t h i s  t r a n s f e r  o r  during cold compacting. 
I n  genera l ,  molybdenum o r  TZM ou te r  cans were used, 
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Extrus ion  
Heating o f  Bi l le t s  -- The hea t ing  of b i l l e t s  t o  temperatures up t o  230OOC 
was c a r r i e d  out  i n  a s p e c i a l l y  designed induct ion  c o i l  which i s  shown 
schemat ica l ly  i n  Figure 4 and p i c t o r i a l l y  i n  F igures  5 and 6 .  The hea t ing  
process i t s e l f  presented no problems, bu t  the  measuring of temperatures 
proved t o  be the  most d i f f i c u l t  part  of t he  e n t i r e  program, and problems 
i n  t empera tu re  measurement were the cause of a number of unsuccessfu l  
ex t rus ions  a s  w e l l  as the  cause of a c e r t a i n  degree of unce r t a in ty  as t o  
a c t u a l  temperature i n  a number of success fu l  ex t rus ions .  
The hea t ing  was c a r r i e d  out  i n  a water-cooled induct ion  c o i l  powered by 
3000 cyc le s  c u r r e n t  from a motor genera tor .  The power input  t o  t h e  c o i l  
can be con t ro l l ed  from 0 t o  100 kw wi th  a power output  meter from the  
c o n t r o l  console. Temperatures of  over 250OOC can be obtained r o u t i n e l y .  
During hea t ing ,  t he  furnace i s  flooded wi th  argon. Once t h e  des i r ed  
temperature i s  reached, t he  l a t c h  holding the  bottom plate of F igure  4 
i s  turned. The bottom p l a t e  and t h e  pedes t a l  f a l l  away, and t h e  b i l l e t  
f a l l s  through t h e  chute i n t o  a trough. The trough t r i p s  au tomat i ca l ly ,  
and the  b i l l e t  r o l l s  by g r a v i t y  over t h e  g l a s s i n g  t a b l e  onto the  press 
loader.  The e n t i r e  unloading ope ra t ion  t akes  less than  two seconds. 
Temperature Measurements -- Temperatures were measured by two means : 
o p t i c a l  pyrometry and thermocouples. The o p t i c a l  pyrometer used had 
been c a l i b r a t e d  a t  t he  National Bureau of Standards and had been 
assigned s o l e l y  f o r  measuring temperatures i n  h igh  temperature furnaces .  
This instrument had been checked by determining t h e  melting poin t  of p u r e  
platinum t o  w i t h i n  3OC of the  i n t e r n a t i o n a l l y  accepted l e v e l .  Exten- 
s i v e  c a l i b r a t i o n s  and checks assured a confidence l e v e l  of + 10°C a t  - 
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temperatures u p  t o  290OOC (under i d e a l  labora tory  condi t ions) .  Actua l ly ,  
temperatures were read through a p r i s m  and a g l a s s  seal ,  and considerable  
clouding occurred wi th in  the  furnace.  
c lose ly  o p t i c a l  readings represent  a c t u a l  temperatures.  
It i s ,  the re fo re ,  no t  known how 
I n  planning the  experiments primary r e l i a n c e  was placed on thermoeouple 
readings.  I n  e a r l i e r  work it had been shown t h a t  the induct ion furnace 
produced uniformly heated b i l l e t s  along i t s  e n t i r e  length.  It i s  est imated 
t h a t  the thermocouple readings taken i n  contac t  wi th  the  top  of t he  b i l l e t s  
should be w i t h i n  100°C o r  b e t t e r  of a c t u a l  temperatures.  
Tungstedrhenium thermocouples of the tungsten-5% rhenium/ 
rhenium composition were purchased from th ree  d i f f e r e n t  commercial sources .  
These thermocouples used thorium oxide i n s u l a t i o n  and a tubhlar  molybdenum 
sheath.  A major i ty  of t he  thermocouples f a i l e d  during o r  following a 
s i n g l e  f i r s t  use. When thermocouple f a i l u r e  occurred a t  o r  near t he  
ex t rus ion  temperature , it was possible  t o  approximate the  f i n a l  b i l l e t  
temperature by ex t r apo la t ing  the  hea t ing  curve p lo t t ed  up t o  the point  
of f a i l u r e  using curves previously e s t ab l i shed  f o r  var ious hea t ing  power 
inputs .  Toward the  end of the  program, a number of thermocouples were 
furnished by the  Nat ional  Aeronautics and Space Adminis t ra t ion,  Lewis 
Research Center.  Although these a l s o  f a i l e d  r a p i d l y ,  and some of them had 
f a i l e d  during handling o r  shipment, they  d id  
tungsten-26% 
al low f i n i s h i n g  of t he  
program as planned. 
The a c t u a l  cause of f a i l u r e  
Possibly the  thermocouple wires  were too  small  t o  p e r m i t  handling i n  any- 
th ing  but a labora tory  s i t u a t i o n .  It i s  a l s o  poss ib le  t h a t  the 3000 cycle  
induct ion cu r ren t  may have a f f ec t ed  thermocouple l i f e ,  a l though t h i s  is  
bel ieved t o  be un l ike ly  s ince  convent ional  thermocouples used a t  lower 
temperatures i n  the  same induct ion  furnace have performed w e l l ,  The f a c t  
i n  these  thermocouples i s  not e n t i r e l y  c l e a r .  
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t h a t  some of t h e  couples f a i l e d  before  use o r  a t  very low temperatures 
seems t o  i n d i c a t e  t h a t  t hese  special  couples are poorly made when compared 
t o  mass produced lower temperature couples.  
Ext rus ion  Press  - 0  All ex t rus ions  were c a r r i e d  ou t  on a 1400-ton, h o r i z o n t a l ,  
accumulator d r iven  ex t rus ion  press (Figures 7 and 8) .  The press speed is  
ad jus t ed  through a t h r o t t l i n g  valve which is  preset f o r  each ex t rus ion .  
For any g iven  valve s e t t i n g ,  t he  speed v a r i e s  depending on the  requi red  
ex t rus ion  fo rce .  
I n  gene ra l ,  t he  t a r g e t  ram speed was 800 t o  1000 inches per minute, bu t  
cons iderably  h igher  and lower speeds were recorded. 
The maxlmum ex t rus ion  fo rce  f o r  t he  b i l l e t  s i z e s  used i n  t h i s  work (3 inches 
and 3-1/2 inches ,  nominally) is determined no t  by p res s  capac i ty  but  by 
the  stress permissible on the  ex t rus ion  t o o l i n g  and i n  p a r t i c u l a r  on t h e  
e x t r u s i o n  ram. The NMD press  i s  equipped w i t h  a h igh  s t r e n g t h  (maraging 
s t e e l )  ram f o r  ex t rus ions  of 3-inch and 3-1/2-inch diameter b i l l e t s ,  
permi t t ing  compressive s t r e s s e s  of up t o  240,000 p s i .  I n  a d d i t i o n ,  a 
s p e c i a l  s a f e t y  f e a t u r e  shown i n  Figure 9 is  used w i t h  these  rams. The t o o l  
des ign  i l l u s t r a t e d  r e s u l t s  i n  completely surrounding t h e  highly s t r e s s e d  
ram w i t h  p a r t  of t he  ex t rus ioh  con ta ine r  before  h igh  pressure i s  exer ted .  
This completely e l imina te s  the  p o s s i b i l i t y  of damage t o  personnel o r  equip- 
ment i n  case of ram f a i l u r e .  
The e x t r u s i o n  press  i s  f u l l y  equipped t o  record  t h e  main ex t rus ion  
v a r i a b l e s  -- press speed and press force  -- f o r  h igh  speed ex t rus ions .  
These d a t a  were obtained f o r  each b i l l e t  extruded i n  t h i s  work. 
Ext rus ion  Dies -- I n  o rde r  t o  c a r r y  ou t  t he  high temperature ex t rus ions ,  
a ceramic i n s e r t  d i e -  ceramic coated cone system was used (Figure 10).  The 
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d i e  proper cons is ted  of c o m r c i a l l y  a v a i l a b l e  zirconium oxide d i e  i n s e r t s  
2.250 inches O.D. and 1.020 inches I . D .  ( fo r  three- inch diameter b i l l e t s ) ,  
These ceramic i n s e r t s  were shrunk i n t o  a s t e e l  holder  having an  O.D, equal  t o  
o r  s l i g h t l y  l a r g e r  than the  ex t rus ion  l i n e r  I . D .  (3.045 inches f o r  3-inch 
diameter b i l l e t s ) .  The ceramic d i e s  and d i e  holders  had a f l a t  face. A 
zirconium oxide,  spray-coatedJ hardened s t e e l  cone, having an  O.D. equa l  t o  
the ex t rus ion  l i n e r  and an  I . D .  about 1/2-inch l a r g e r  than the  nominal d i e  
opening wi th  a 90 degree included angle  was used i n  order  t o  assure  proper 
s t reamlined flow of t he  b i l l e t  during ex t rus ion .  The cold d i e  and cone 
were i n s e r t e d  i n  the  heated l i n e r  before  ex t rus ion .  The l i n e r  g ives  
support  t o  the  d i e  and cone once these  reach l i n e r  temperature.  
Extrusion "Cut-off" -- I n  order  t o  a s su re  t h a t  the  b i l l e t  conta in ing  the  
oxide f i b e r s  is t o t a l l y  extruded through the d i e ,  another  ma te r i a l  known as 
a "cut-off" is placed behind the  b i l l e t  f o r  e x t r u s i o n  through the  d i e .  
This material normally i s  g r a p h i t e ,  When using g r a p h i t e ,  the  b i l l e t  i s sues  
from the  d i e  wi th  very  h igh  v e l o c i t y  (due t o  the  e l a s t i c  na ture  of t he  
graphi te  and the  sudden drop i n  ex t rus ion  p r e s s u r e ) .  Since the damage 
r e s u l t i n g  from the f i r i n g  of b i l l e t s  from the press and from h i t t i n g  of a 
mechanical s t o p  a t  the  end of the  run-out t a b l e  was t o  be avoided, a 
"cut-off" c o n s i s t i n g  of a plate of g raph i t e  1/4-inch t h i c k  a t tached  t o  a 
block of s t e e l  heated t o  8 1 5 O C  was used i n  t h i s  work. 
i n  contac t  w i th  the  rear of the  b i l l e t  assured pos i t i ve  separa t ion  f o r  t h e  
"cut-off" without  v i o l e n t  e j e c t i o n .  The "cut-off" assured complete 
ex t rus ion  through the  d i e ,  
The t h i n  g raph i t e  
-- A s  a b i l l e t  i s s u e s  from the  induct ion  
hea t ing  chute  descr ibed ear l ie r ,  it r o l l s  over a t a b l e  covered wi th  
g l a s s  powder which is  used a$ a lub r i can t  (see Figures  5 and 6 ) '  
then  r o l l s  on a V-shaped b i l l e t  loader  and i s  l i f t e d  i n t o  a pos i t i on  
permit t ing i n s e r t i o n  i n  the  ex t rus ion  l i n e r .  
* 
It 
*The Nuclear Metals Divis ion of Whittaker Corporation i s  a l icensee  f o r  t he  
Cef i l ac  g l a s s  ex t rus ion  processI  
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The loader  i s  of a s p e c i a l  three-piece cons t ruc t ion .  A s  the ex t rus ion  ram 
advances, t he  r e a r  p iece ,  then  the  middle p iece ,  and f i n a l l y  the  f r o n t  
piece of t he  loader  f a l l s  o f f ,  avoiding completely the  ram stoppage which 
occurs wi th  convent ional  ex t rus ion  presses  i n  order  t o  allow time t o  remove 
the  loader .  
The t o t a l  t i m e  i n t e r v a l  between the  opening of the  induct ion  furnace and 
the  s t a r t  of the  ex t rus ion  press is  very s h o r t  f o r  a ho r i zon ta l  press. 
Shor te r  loading t i m e s  are obta inable  on v e r t i c a l  presses. 
of 8 t o  12 seconds were obtained i n  t h i s  work. This time is  cons iderable  
when one cons iders  r a d i a t i o n  h e a t  l o s ses  a t  t he  very high temperatures.  On 
the  o the r  hand the  oxide metal  matrix cores  were "buried" i n  a considerable  
mass of TZM o r  tungs ten  b i l l e t  s tock.  
oxides l o s t  r e l a t i v e l y  l i t t l e ,  i f  any, temperature during b i l l e t  t r a n s f e r .  
Loading times 
Therefore ,  i t  is  bel ieved t h a t  t he  
Post-Extrusion Cooling -- A l l  b i l l e t s  were placed i n  a bed of vermicul i te  
immediately a f t e r  ex t rus ion  i n  order  t o  avoid-damage t o  the f i b e r s  due t o  
rap id  cool ing  s t r e s s e s .  
Evaluat ion 
Location of Oxides -- The loca t ion  of each of the  th ree  o r  four  oxides 
wi th in  the  extruded b a r s  proved t o  be more of a problem than  o r i g i n a l l y  
a n t i c i p a t e d .  Since the  t o t a l  amount of oxide f i b e r s  ava i l ab le  f o r  evalua-  
t i o n  and f o r  poss ib le  re -ex t rus ion  was very l imi ted  by the  requirement t o  
extrude th ree  d i f f e r e n t  materials i n  a s i n g l e  b i l l e t ,  it was most important 
not t o  waste any of the  ma te r i a l  contained i n  the  uniform diameter reg ion  
of the core .  I n  ex t rus ion ,  the metal flow is  such t h a t  a plane o r i g i n a l l y  
f l a t  i n  t he  ex t rus ion  b i l l e t  t akes  on a t y p i c a l  flow shape dur ing  ex t rus ion  
(Figure 11). This shape is  independent of t he  length  of the  uniform core .  
I f  the  core i s  s h o r t ,  t h e r e  may be no uniform extruded s e c t i o n  ava i l ab le .  
I n  the  experiments c a r r i e d  ou t  under t h i s  program, a minimum of 10 t o  15 cm 
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of uniform core was obtained.  Attempts were made t o  loca te  the  cores  by 
high vol tage X-ray. This w a s  poss ib le  i n  some cases ,  but  proved use l e s s  
i n  most cases involving tungsten cores  and tungs ten  sepa ra to r s .  I n  most 
ins tances  the  cores  were located by c a r e f u l  and successive c u t t i n g  of 
s l ices  and by observing the  c ross  s e c t i o n  of t he  flow shape i n  each 
s l i c e .  
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PRF. LIMINARY EXPERIMENTS 
Studies  on Metal/Matrix I n t e r a c t i o n  
During the  planning of t h i s  work, t h e r e  was some concern t h a t  t he  oxides 
under cons ide ra t ion  might r e a c t  chemically t o  form complex compounds w i t h  
the  matrix ma te r i a l s  a t  e l eva ted  temperatures dur ing  hea t ing  and ex t rus ion .  
I n  order  t o  t e s t  t h i s  p o s s i b i l i t y ,  hea t ing  experiments on cold pressed 
s lugs  of t he  oxide/matrix mixtures were c a r r i e d  ou t .  
The s l u g s ,  approximately 1-1/3 inches i n  diameter and 1/4-inch t h i c k ,  were 
pressed i n  a c losed  d i e  a t  a pressure  of 50 t s i .  The d e n s i t y  of the  s lugs  
was 70 t o  80 percent of t h e o r e t i c a l .  
The s i u g s  were heated f o r  15 minutes t o  the  temperatures (shown i n  Table V> 
corresponding t o  the  planned e x t r u s i o n  temperatures of t he  f i r s t  s ix  
ex t rus ions .  A high  temperature vacuum furnace was used. Temperature con- 
t r o l  was by thermocouples and by a c a l i b r a t e d  o p t i c a l  pyrometer. Good 
correspondence between the  two methods of measurement were found up t o  
21OOOC. 
mixtures conta in ing  magnesium oxide r e s u l t e d  i n  rap id  vapor iza t ion  of t h e  
oxide and subsequent premature f a i l u r e  of t he  furnace.  
An attempted 25OOOC run  and an a t t e m p t  t o  hea t  t o  230OOC wi th  
A f t e r  s i n t e r i n g  it was observed t h a t  t he  matrix m a t e r i a l  contained numerous 
cracks which o r i g i n a t e d  a t  the  oxide par t ic les ;  t hese  cracks were a t t r i b u t e d  
t o  the  d i f f e r e n c e s  i n  thermal expansion between t h e  oxides and the  matrix. 
The s i n t e r i n g  w a s  repeated using a much slower cooling r a t e .  Under these  
condi t ions  fewer c racks ,  and i n  some specimens no c racks ,  were observed. 
Af t e r  s i n t e r i n g  t h e  s l u g s  were c u t  i n t o  smaller pieces f o r  metallographic 
examination as w e l l  a s  f o r  chemical s epa ra t ion  s t u d i e s .  Figure 12 shows 
oxide par t ic les  i n  the  molybdenum matrix a f t e r  s i n t e r i n g  a t  var ious  tempera- 
t u r e s  * 
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The metal lographic  examination of these  specimens proved d i f f i c u l t  due t o  
problems i n  pol i sh ing  and due t o  the  formation of a reas  where the matr ix  
had pul led away from p a r t i c l e s  i n  cool ing .  It i s  our opinion t h a t  no 
extensive i n t e r a c t i o n  occurred between oxides and matr ix  i n  the 15 specimens 
observed and l i s t e d  i n  Table V. 
Separat ion of Oxides from the  Matrix 
I n  order  t o  ob ta in  oxide f i b e r s  f o r  observa t ion  o r  eventua l  u s e ,  it i s  
necessary t o  leach out  o r  otherwise remove the matrix ma te r i a l ,  e i t h e r  
molybdenum o r  tungs ten ,  from the  extruded f i b e r s .  The method of s epa ra t ion  
should meet the following c r i t e r i a :  (1) no a t t a c k  on the  oxide f i b e r s ,  
(2)  rap id  a t t a c h  on the  matrix, and ( 3 )  ease of recovery of f i b e r s  a f t e r  
removal of the matrix. A study of published d a t a  on the  r e a c t i v i t y  of the  
f i b e r  ma te r i a l s  and the  matrix ma te r i a l s  wi th  var ious chemical agents  lead 
t o  the l i s t i n g  of poss ib le  methods of s epa ra t ion  shown i n  Table V I .  
Since the re  appeared t o  be disagreement as t o  the  r e a c t i v i t y  of t he  oxides  
i n  the var ious chemical agents  l i s t e d ,  experimental  d a t a  were obtained.  
The s ix  types of as-received oxides were exposed f o r  24 hours t o  the  f i v e  
chemicals l i s t e d  i n  Table V I I .  The oxides were weighed before  and a f t e r  
exposure. It can be seen t h a t  the  magnesium oxide l o s t  appreciable  weight 
i n  a l l  so lu t ions  wi th  the  except ion of t he  sodium hydroxide. The beryl l ium 
oxide l o s t  weight i n  so lu t ions  conta in ing  n i t r i c  and s u l f u r i c  ac ids  and i n  
so lu t ions  conta in ing  only n i t r i c  ac id .  A l l  o the r  combinations lead t o  a 
loss  of 1 percent o r  less. I n  genera l ,  it was observed t h a t  the 1 percent 
loss  occurred w i t h i n  minutes of exposure t o  the  so lu t ions  and t h a t  no 
f u r t h e r  r eac t ion  took place. It can be assumed t h a t  these  e a r l y  r eac t ions  
were sur face  phenomenon o r  r eac t ion  w i t h  impur i t i e s .  
The rates of removal of t he  matrix ma te r i a l s  by var ious methods were 
evaluated q u a l i t a t i v e l y  by observat ion and q u a n t i t a t i v e l y  a s  shown i n  
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i n  Table V I I I .  
i n  the n i t r i c - s u l f u r i c  so lu t ion .  Reaction wi th  n i t r i c  ac id  alone is some- 
what slower.  
attempted a t  900°C and 1100°C. Although the  r a t e  of production of the  
white v o l a t i l e  oxide seemed very r ap id ,  removal of the s o l i d  molybdenum 
metal w a s  too slow f o r  p r a c t i c a l  purposes. Anodic d i s s o l u t i o n  of molybdenum 
i n  a sodium hydroxide e l e c t r o l y t e  was slow but  p r a c t i c a l ,  al though not  as 
rap id  o r  easy  a s  removal by the n i t r i c - s u l f u r i c  ac id  so lu t ion .  Anodic 
d i s s o l u t i o n  i n  a c i d i c  e l e c t r o l y t e  was very slow. No experiments were 
c a r r i e d  ou t  i n  molten oxid iz ing  s a l t s  because of t he  p r a c t i c a l  d i f f i c u l t i e s  
of t h i s  technique. The recommended method of removal of molybdenum from 
f i b e r s  of aluminum oxide,  zirconium oxide,  hafnium oxide,  and thorium 
oxide i s  by n i t r i c - s u l f u r i c  ac id  so lu t ion ;  the recommended method f o r  
magnesium oxide and beryl l ium oxide i s  by anodic d i s s o l u t i o n  i n  sodium 
hydroxide. 
Molybdenum i s  d isso lved  very r ap id ly  wi th  v i o l e n t  b o i l i n g  
Oxidation of molybdenum i n  a i r  a t  e leva ted  temperature was 
Removal of tungsten from the oxide ma te r i a l s  proved more d i f f i c u l t  than 
t h a t  of molybdenum. The a c t i o n  of aqua r e g i a  was very slow. Only anodic 
d i s s o l u t i o n  i n  a sodium hydroxide s o l u t i o n  seemed p r a c t i c a l ,  and t h i s  
method was used f o r  the  bulk of t h i s  program. A quick e t c h  i n  hydrogen 
peroxide proved h e l p f u l  i n  removing small amounts of tungsten adhering t o  
extruded f i b e r s  a f t e r  t he  anodic d i s s o l u t i o n .  
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EXTRUSION EXPERIMENT 
During the  ex t rus ion  experiment a t o t a l  of 22 b i l l e t s  were e i t h e r  extruded 
o r  an ex t rus ion  was attempted. Four b i l l e t s  d id  not  r e s u l t  i n  an  extruded 
rod. Three of these  were re-extruded a t  a la ter  d a t e ,  and one -- t he  
f i n a l  b i l l e t  -- was a t o t a l  loss. 
Most b i l l e t s  contained th ree  d i f f e r e n t  oxides i n  separate sec t ions .  Some 
of t he  b i l l e t s  used f o r  double ex t rus ions  contained only two materials. 
Table IX l ists  the  22 ex t rus ions  wi th  the  temperature of ex t rus ion ,  t he  
homologous temperature, the  type of  oxides ,  and the  matrix material, 
Table X l i s ts  b i l l e t  diameter ,  d i e  diameter ,  reduct ion  r a t i o ,  and t o t a l  
tonnage for  each b i l l e t ,  
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Each ex t rus ion  w i l l  be discussed sepa ra t e ly ,  wi th  r a t i o n a l e  f o r  subsequent 
ex t rus ion  condi t ions .  Since t h i s  involves the  f i b e r i n g  behavior of the  
oxides ,  t hese  w i l l  be nent ioned,  a l though a d e t a i l e d  d iscuss ion  of f i b e r i n g  
w i l l  be g iven  i n  the  fol lowing sec t ion .  
Task I Extrusions .- 
Bil le t s  1, 2 ,  3, 4, 5' 6 -- The purpose of t he  f i r s t  s ix  ex t rus ions  was 
t o  compare f i b e r i n g  f o r  the  s ix  oxides ,  t o  compare molybdenum and tungsten 
as mat r ix  materials, and t o  s tudy  the  e f f e c t  of temperature. 
ex t rus ion  temperature f o r  each azide is recorded i n  Table I X .  
The homologous 
A l l  of t he  f i r s t  six b i l L e t s  were hot  pressed a t  1093OC wi th  a pressure 
of 12,000 Kg/cm Heating curves f o r  
Bi l le t s  1 through 4 a r e  shown i n  Figure 13, The TZM-clad billets (Nos. 1, 
2, 4)  containing oxides  i n  a molybdenum matrix, a l l  extruded : ' a t i s f a c t o r i l y .  
2 i n  a s t ee l  can before  ex t rus ion .  
* 
The homologous temperature (T ) is  the  temperature (OK) expressed as a 
percentage of the  abso lu te  teffiperature (OK) of the  melt ing poin t  of a 
ma te r i a l ,  
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The tungsten c lad  b i l l e t s  (Nos. 3 ,5 ,6) ,  conta in ing  oxides i n  a tungsten 
matr ix ,  were not  extruded a t  t h i s  t i m e .  
Upon examination of t he  extruded oxides ,  it became obvious t h a t  l i t t l e  o r  
no p l a s t i c  deformation of the  oxides of Bi l le ts  1, 2 ,  and 4 had occurred. 
The conclusion was t h a t  molybdenum as a mat r ix  does not  have s u f f i c i e n t  
s t r eng th  a t  e leva ted  temperatures t o  resul t  i n  f i b e r i n g  of oxides .  
fo re ,  a l l  o the r  work was done using a tungsten matr ix .  
There- 
Bi l le ts  7 ,  8. 9 -- The th ree  tungsten canned b i l l e t s  (Nos. 3, 5, 6 )  had 
cracked during hot  pressing o r  before  ex t rus ion .  
these  b i l l e t s  wi th  the  tungsten cans,  they were placed i n t o  TZM s l eeves  
having a nominal O.D. of 3-1/2 inches.  These b i l l e t s ,  t he re fo re ,  cons is ted  
of a TZM ou te r  can, a tungs ten  inner  catil, and tungsten matrix/oxide cores .  
The ex t rus ion  d i e  was ad jus ted  t o  g ive  a reduct ion  i n  a rea  of nine times 
f o r  these  b i l l e t s  (equal  t o  the  reduct ion  i n  a rea  from the  3-inch O.D. 
b i l l e t s ) .  The b i l l e t s  were re-numbered 7 ,  8 , - and  9.  Heating curves f o r  
these b i l l e t s  are shown i n  Figure 14. 
I n  order  t o  extrude 
B i l l e t s  7 and 8 were held a t  temperature f o r  approximately f i v e  minutes. 
During t h e  second hea t ing  of B i l l e t  9, the  thermocouple burned ou t  a t  a 
temperature of 216OOC. 
est imated 2350°C, It is est imated t h a t  the  b i l l e t  was a t  o r  above 23OOOC 
a t  the t i m e  of e j e c t i o n  from the  furnace.  B i l l e t  9 was not  extruded a t  
the f i r s t  a t tempt  because pressure developed wi th in  the  b i l l e t  and ruptured 
the  welded end plug durihg hea t ing .  
was tack-welded (not s ea l ed ) .  
success fu l ly .  
The heat ing  curve w a s  then  ex t rapola ted  t o  an 
This b i l l e t  was cooled and the  plug 
B i l l e t  9 was then reheated and extruded 
On examination the  oxides from these three ex t rus ions  showed f i b e r i n g .  
A l l  o the r  ex t rus ions  were c a r r i e d  o u t  wi th  a tungs ten  matrix, a TZM can, 
no pre -hot-compacting and no evacu&tfon, 
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-- The o x i d e s  used i n  Bi l le t s  10, 11, and 12 a r e  shown 
i n  Table IX. Bi l l e t s  10 and 11 were designed t o  provide ex t rus ion  compat- 
i b i l i t y  d a t a  a t  d i f f e r e n t  temperatures than  those previously used. B i l l e t  
10 a l s o  contained aluminum oxide i n  the  form of s p h e r i c a l  s apph i re s  and 
rubies .  B i l l e t  12 w a s  t h e  f i r s t  a t t e m p t  a t  re -ex t rus ion  of prev ious ly  
extruded oxides.  I n  B i l l e t  12 s e c t i o n s  of B i l l e t  8 ,  conta in ing  extruded 
zirconium oxide,  thorium oxide,  and bery l l ium oxide,  were placed i n  TZM 
cans wi th  the void space f i l l e d  w i t h  tungs ten  powder. Heating curves f o r  
these  b i l l e t s  are shown i n  Figure 15. 
Bi l le t s  10 and 11 were heated and extruded s a t i s f a c t o r i l y .  The thermocouple 
used i n  B i l l e t  11 could no t  be reused, and a new couple was used f o r  
B i l l e t  12. The e x t r u s i o n  d a t a  f o r  t hese  b i l l e t s  a r e  shown i n  Table X, 
Task I1 Extrusions 
Bi l le t s  13, 14, 15, 16 -- B i l l e t s  13 through 16 were prepared f o r  ex t rus ion  
as shown i n  Table I X .  Bi l le ts  13 and 14 were extruded i n  order  t o  genera te  
s tock  f o r  l a te r  re -ex t rus ions  (Bi l le ts  1 7 ,  18, 20). B i l l e t  15 was extruded 
t o  eva lua te  the  e f f e c t  of h igher  volume f r a c t i o n  of oxide on the  f i b e r i n g  
process and on oxide f i b e r  q u a l i t y .  The oxide con ten t  of B i l l e t  15 was 
ca l cu la t ed  t o  be a t h e o r e t i c a l  35 volume percent ,  whi le  a l l  o t h e r  b i l l e t s  
were designed t o  con ta in  15 volume percent of t he  oxide.  
Heating curves f o r  t hese  b i l l e t s  are shown i n  Figure 16. The thermocouple 
of B i l l e t  15 f a i l e d  a t  1900OC and was replaced a f t e r  a s h o r t  de l ay  so  t h a t  
s a t i s f a c t o r y  temperature c o n t r o l  was obtained a t  t h e  ex t rus ion  temperature 
of 2100OC. 
The ex t rus ion  parameters f o r  Bi l le t s  13 through 16 a r e  shown i n  Table X. 
A l l  extruded rods were s o l i d  and sound. 
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B i l l e t s  17,  18, 19, 20 -- The main purpose of t h i s  l as t  s e r i e s  of ex t rus ions  
was t o  i n v e s t i g a t e  the  e f f e c t  of more ex tens ive  working of the  f i b e r s  by 
re -ex t rus ion .  Therefore , previously extruded rods  conta in ing  the  oxides 
i n  a mat r ix  of tungs ten ,  a s  w e l l  as the extruded ou te r  can, were placed 
i n t o  another  TZM can. Since the  I . D .  of the  TZM can was l a rge r  than the 
extruded rod ,  the  space between the  rod and the  can was f i l l e d  wi th  tungsten 
powder. I n  some cases it was poss ib le  t o  place,  s i d e  by s i d e  i n t o  the  new 
ex t rus ion  can,  s e v e r a l  previously extruded rods conta in ing  the  same oxide.  
These ex t rus ions  produced rods wi th  r a t h e r  complex ma te r i a l s  surrounding 
the  oxide/matrix c e n t e r  
tungsten/oxide core ,  TZM, tungsten,  TZM) 
s e r i e s  i s  shown i n  Table I X .  
(from c e n t e r  t o  outs ide  i n  a double ex t rus ion :  
The b i l l e t  p repara t ion  f o r  t h i s  
The zirconium oxide f i b e r s  produced i n  B i l l e t  13 and the  thorium oxide 
f i b e r s  produced i n  B i l l e t  14 were re-extruded a t  two d i f f e r e n t  temperatures:  
B i l l e t  17 a t  2100'C and B i l l e t  18 a t  1900'C. Zirconium oxide and thorium 
oxide from B i l l e t  15, which contained the  35 volume percent oxide,  was 
re-extruded a t  2100°C i n  B i l l e t  19, 
B i l l e t  20 was a lower temperature ex t rus ion  ( 1 8 O O O C )  aimed a t  producing 
f i b e r s  of magnesium oxide and hafnium oxide a t  a lower temperature than  
previously t r i e d .  The b i l l e t  a l s o  contained beryl l ium oxide from Bil le ts  
13 and 14. It was necessary t o  use extruded f i b e r s  from two ea r l i e r  b i l l e t s  
i n  order  t o  generate  s u f f i c i e n t  s tock  f o r  re -ex t rus ion  and f o r  eva lua t ion .  
The hafnium oxide of B i l l e t  20 was taken from B i l l e t  7, and the  magnesium 
oxide from B i l l e t  10. 
Heating curves f o r  t h i s  series of ex t rus ions  a r e  shown i n  Figure 17. 
Ext rus ion  da ta  are shown i n  Table X. 
d i f f i c u l t  due t o  numerous f a i l u r e s  i n  the thermocouples. I n  a number of 
cases ,  t he  f i n a l  temperatures were e s t ab l i shed  by ex t r apo la t ion  of t he  
hea t ing  curve and con t ro l l ed  by power s e t t i n g s  of the  induct ion  cu r ren t .  
A l l  ex t rus ions  produced smooth rods.  
The hea t ing  of these  b i l l e t s  proved 
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Bil le t s  2 1  and 22 ---The a i m  of these  two b i l l e t s  was t o  produce longer 
f i b e r s  by t r i p l e  ex t rus ion .  
oxide from B i l l e t  18. The extruded rods of B i l l e t  18 were machined t o  
remove the  TZM cladding so  t h a t  the  rods  used i n  re -ex t rus ion  contained 
only oxide f i b e r s  and mat r ix  ma te r i a l s .  The diameter of the  machined rods 
was s u f f i c i e n t l y  small  s o  t h a t  t h ree  thorium oxide-containing rods were 
arranged s i d e  by s i d e  i n  the  I . D .  of t h e  TZM can toge ther  w i th  tamped 
tungstnn powder. S imi l a r ly ,  four  zirconium oxide-containing rods were 
arranged s i d e  by s i d e .  
B i l l e t  2 1  contained thorium oxide and zirconium 
B i l l e t  22 cons is ted  of oxides  taken from B i l l e t  20: one s i n g l e  rod of 
hafnium oxide,  two rods of magnesium oxide,  and th ree  rods of beryl l ium 
oxide. During hea t ing  of B i l l e t  22 the  thermocouple f a i l e d  and temperature 
went out  of con t ro l .  The b i l l e t  p a r t i a l l y  melted and fused t o  the  furnace,  
so t h a t  it was l o s t  and could not  be re-extruded. B i l l e t  21  produced a 
good ex t rus ion .  The hea t ing  curves f o r  these  b i l l e t s  a r e  shown i n  Figure 
18, and the  ex t rus ion  d a t a  are shown i n  Table X. 
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FIBER EVALUATION 
Discussion of Techniques 
Af t e r  ex t rus ion  the oxides are imbedded i n  the  matr ix  ma te r i a l  ( tungs ten  
i n  a l l  bu t  the f i r s t  t h ree  ex t rus ions ) .  Both q u a n t i t a t i v e  and q u a l i t a t i v e  
c h a r a c t e r i z a t i o n  of extruded f i b e r s  are d e s i r a b l e .  I n  order  t o  c a r r y  out  
such eva lua t ion ,  it is  necessary t o  expose the  oxides e i t h e r  f u l l y  by 
e x t r a c t i o n  o r  p a r t i a l l y  a s  i n  metallography. 
The a b i l i t y  t o  eva lua te  the  f i b e r s  depends p a r t i a l l y  on these  var ious 
techniques and p a r t i a l l y  on the  q u a l i t y  of the  f i b e r s  produced. It is 
very s i m p l e  t o  cha rac t e r i ze  a f i b e r  having a w e l l  def ined length,  a uniform 
diameter ,  a smooth su r face ,  and high s t r e n g t h  which p e r m i t s  handling of 
f i b e r s  without  breakage. It is much more d i f f i c u l t  t o  cha rac t e r i ze  and 
eompare f i b e r s  having i r r e g u l a r  shapes,  rough su r faces ,  and a n  extreme 
degree of f r i a b i l i t y ,  as was the  case f o r  a l l  f i b e r s  produced i n  t h i s  work. 
Three b a s i c  methods were used t o  eva lua te  f i b e r s  : 
Metallography -- Sect ions  of extruded cores  were c u t  l ong i tud ina l ly  a long 
a plane para l le l  t o  the  axis of ex t rus ion .  The sec t ions  were pol ished 
i n  order  t o  r e v e a l  the  f i b e r s  w i th in  the  metal matrix. The major s h o r t -  
coming of t h i s  method is the  need f o r  a s t a t i s t i c a l  approach i n  order  t o  
o b t a i n  s i g n i f i c a n t  q u a n t i t a t i v e  da ta .  The dimensions of the  f i b e r s  revealed 
i n  a sample depend s t rong ly  on the  degree of parallelism of the  s e c t i o n  wi th  
the  f i b e r  o r i e n t a t i o n  and on the  closeness  of t he  s e c t i o n  through the  
f i b e r  cen te r .  Any dev ia t ion  from these  would show a s h o r t e r  and th inne r  
f i b e r  than  i s  a c t u a l l y  the  case. I f  f i b e r s  are assumed t o  be uniform, one 
can ex t r apo la t e  diameter and length  measurements t o  t h e i r  a c t u a l  l i m i t s  e 
Due t o  the  i r r e g u l a r  na tures  of the  f i b e r s ,  metallography i n  t h i s  work p e r -  
mit ted only  a q u a l i t a t i v e  and sub jec t ive  eva lua t ion  of t he  f i b e r s .  
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P a r t i a l  Ex t r ac t ion  - I n  t h i s  method the  mat r ix  i s  p a r t i a l l y  removed from 
the  f i b e r s  i n  such a way t h a t  f i b e r s  s t i c k  out  of t he  remaining mat r ix  i n  
an a x i a l  d i r e c t i o n .  The f i b e r s  can then  be evaluated wi th  b inocu la r s ,  and 
p i c tu re s  can be taken. 
t o  g e t  length measurements and i n a b i l i t y  t o  g e t  s i g n i f i c a n t  diameter measure- 
ments. On the  o t h e r  hand, it a l l e v i a t e s  the handling and breaking problem 
f o r  very f r a g i l e  f i b e r s .  This technique was used mainly i n  t h i s  work t o  
compare var ious  f i b e r s .  Figure 19 shows a s e r i e s  of extruded rods wi th  
p a r t i a l l y  exposed f i b e r s  e 
The disadvantages of t h i s  technique a r e  i n a b i l i t y  
F iber  Ex t rac t ion  -- I n  t h i s  technique the  matrix i s  removed e n t i r e l y  from 
the f i b e r s  by chemical means. 
d i s s o l u t i o n  of the tungs ten  o r  molybdenum matr ix .  
machined t o  remove the  cladding material and leave mainly a core conta in ing  
f i b e r s .  The rod was suspended v e r t i c a l l y  i n  the  s o l u t i o n  wi th  the  exposed 
end poin t ing  downwards. A s  e tch ing  of the  mat r ix  proceeded, f i b e r s  a r e  
exposed and even tua l ly  drop t o  the  bottom of the  beaker used f o r  e t ch ing .  
Two problems can be v i sua l i zed  i n  t h i s  process:  F i r s t ,  the  f a c t  t h a t  e lec t  
e l e c t r i c  cu r ren t  i s  needed t o  remove the  tungsten r e s u l t s  i n  occas iona l  
par t ic les  of tungsten becoming i s o l a t e d  and s tuck  t o  oxide f i b e r s .  For 
such particles the  e tch ing  a c t i o n  s tops .  
particle may connect two o r  more f i b e r s .  
t i c l e s ,  as w e l l  as the  f a c t  t h a t  t he  p a r t i c l e s  may contac t  s e v e r a l  f i b e r s ,  
r e s u l t s  i n  premature breakage of t he  f i b e r s .  The second problem i n  t h i s  
type of e x t r a c t i o n  is  the  f a c t  t h a t  the  ends of the  f i b e r s  i nva r i ab ly  
break o f f  e i t h e r  i n  e x t r a c t i o n  o r  i n  pos t -ex t rac t ion  handling. F ibe r s  
have a c t u a l l y  a pointed c i g a r  shape r a t h e r  than  an  e l i p s i o d  shape, and 
almost a l l  of the  points  of these  shapes a r e  found t o  be broken when the  
f i b e r s  are observed. 
A l l  f i b e r  e x t r a c t i o n  w a s  done by anodic 
The extruded rod was 
Frequent ly  such an i s o l a t e d  metal  
The weight of these metal  par- 
Af t e r  s epa ra t ion  from the  matrix the  f i b e r s ,  t oge the r  wi th  a considerable  
quan t i ty  of matrix r e s idue  and s1udge;are a t  the  bottom of the  e t ch ing  
vesse l .  The e tch ing  s o l u t i o n  i s  removed by decant ing and washing i n  water., 
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The res idue  is  then cleaned by e tch ing  i n  30 percent  hydrogen peroxide. 
This r e a c t i o n  removes a l l  but the  heavies t  tungsten par t ic les  a s  w e l l  as 
a l l  sludge and o the r  res idues .  A t  t h i s  point  the  f i b e r s  become c l e a r l y  
v i s i b l e .  They are f u r t h e r  processed by washing, decant ing i n  water, and 
drying.  I n  most cases  between 5 and 20 grams of ex t r ac t ed  f i b e r s  were 
obtained f o r  observat ion.  
F ibe r  Elongat ion 
One of the  important p rope r t i e s  of a f i b e r  a s  a r e in fo rc ing  material i n  a 
matr ix  i s  i t s  aspect r a t i o .  For a pe r fec t  c y l i n d r i c a l  f i b e r  t he  aspec t  
r a t i o  i s  the  length  of the  f i b e r  d iv ided  by the  diameter .  I f  one assumes 
s t reamlined flow i n  an ex t rus ion  and uniform e longat ion  of a l l  parts of 
the ex t rus ion  ( i . e . ,  i n  t h i s  case one assumes t h a t  the oxide f i b e r s  and 
the matrix deform equa l ly ) ,  it i s  poss ib le  t o  c a l c u l a t e  the shape of a 
componeiit a f t e r  e x t r u s i o n  from the  known shape before  ex t rus ion  and from 
the  reduct ion  r a t i o  of t he  ex t rus ion  ( reduct ion  r a t i o  R = c ross  s e c t i o n a l  
a r ea  of t he  b i l l e t  d iv ided  by c ross  s e c t i o n a l  area of the extruded rod) .  
The ca l cu la t ed  t h e o r e t i c a l  shapes can then be compared t o  the a c t u a l  
measured shapes of the oxides ,  and t h i s  comparison is  a good i n d i c a t i o n  of 
the p l a s t i c i t y  o r  the  f i b e r i n g  behavior of the  oxide.  
Figure 20 shows a s p h e r i c a l  p a r t i c l e  and the e l i p s o i d  which would r e s u l t  
through a pe r fec t  ex t rus ion .  If the  o r i g i n a l  sphere has a diameter D 
and i s  extruded wi th  a reduct ion  r a t i o  R, the  e l i p s o i d  shaped f i b e r  would 
have a length  L = R x D and a maximum diameter 
r a t i o  of t h i s  fibe.r would be L/d = R . 
d = D / C  The aspect 
3 12 
The t h e o r e t i c a l  aspect r a t i o s  expected from s i n g l e  , double,  and t r i p l e  
ex t rus ions ,  each having a reduct ion  r a t i o  R = 9 ,  a r e  a l s o  shown i n  
Figure 20. The length and the  maximum diameter which could be obtained 
t h e o r e t i c a l l y  from spheres  having diameters of 1.27mm and 1.02mm a r e  a l s o  
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given. The reduct ion  r a t i o  and these  sphere diameters  correspond t o  
those used i n  the  work repor ted  here .  A s  has been mentioned, the  poly- 
c r y s t a l l i n e  oxides were wedge-shaped r a t h e r  than  s p h e r i c a l ,  and the  c a l -  
cu la ted  dimensions a f t e r  ex t rus ion  could be used only as a guide l ine .  
System f o r  Arranging F ibe r s  f o r  Evaluat ion 
I n  t h i s  work a t o t a l  of 42 separa te  sets of extruded f i b e r s  were produced 
i n  18 success fu l  ex t rus ions .  The va r i ab le s  f o r  these  f i b e r s  included the  
type of oxides (seven) ,  var ious ex t rus ion  temperatures ,  t h ree  amounts of 
t o t a l  deformation, and two matr ix  ma te r i a l s .  Some of the condi t ions were 
dup l i ca t e s  aimed mainly a t  producing s u f f i c i e n t  material  f o r  re -ex t rus ion .  
The ex t rus ions  have been arranged i n  Table IX (previously discussed)  by 
b i l l e t  number. For the  purpose of f i b e r  eva lua t ion  and comparison, t he  
arrangement of Figure 21 f o r  s i n g l e  ex t rus ions  was found more s i g n i f i c a n t .  
I n  t h i s  ca se ,  the ex t rus ions  a r e  p lo t t ed  aga ins t  a s c a l e  of homologous 
temperature,  e For each f i b e r  the  b i l l e t  number i s  ind ica ted .  An 
attempt a t  a s imi l a r  presenta t ion  f o r  m u l t i p l e  ex t rus ions  o r  r e  -extrusions 
was made i n  Figure 22. 
* 
TH 
This arrangement of f i b e r s  w i l l  be used throughout the  following s e c t i o n  
of t h i s  r e p o r t .  
* 
The homologous temperature i s  the  absolu te  temperature expressed as a 
percent of the  absolu te  mel t ing temperature.  
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EVALUATION OF F IBE RING 
The q u a n t i t a t i v e  eva lua t ion  of e x t r a c t e d  f i b e r s  proved d i f f i c u l t  and h ighly  
sub jec t ive .  The technique f i n a l l y  used cons i s t ed  of placing t h e  e x t r a c t e d  
f i b e r s  on a piece of paper and observing the  f i b e r s  through b inoculars  
a t  magni f ica t ions  of between 10 and 30 t i m e s .  The e x t r a c t e d  f i b e r s  were 
f i r s t  cha rac t e r i zed  i n  a gene ra l  way (degree of e longa t ion ,  percent of 
m a t e r i a l  which had apparent ly  not e longated ,  c r y s t a l l i n i t y  of t h e  m a t e r i a l ,  
and obvious d i f f e r e n c e s  between c r y s t a l s  making up a s i n g l e  f i b e r ) .  Then 
a " t y p i c a l l y  good" f i b e r  was chosen f o r  measurement. 
purely sub jec t ive .  The f i b e r  chosen was not n e c e s s a r i l y  a t y p i c a l  average 
f i b e r ,  b u t  r a t h e r  a t y p i c a l  f i b e r  of those f i b e r s  which had deformed 
uniformly and which were i n t a c t .  For t h i s  f i b e r  t he  maximum diameter and 
the  a c t u a l  length were measured under the  b inocu la r s  using a r e t i c u l a r  
eyepiece.  The gene ra l  c h a r a c t e r i z a t i o n  and measurements a r e  shown i n  Table 
Table X I  f o r  s i n g l e  and m u l t i p l e  extruded f i b e r s .  
This choice was 
Aluminum Oxide 
Aluminum oxide had the  lowest melting poin t  (approximately 2000°C) evalua ted  
i n  t h i s  work. Homologous e x t r u s i o n  temperatures between T = 75 percent 
and TH = 96 percent were explored. 
H 
Figure 23 shows the  r e s u l t s  of e x t r u s i o n  i n  a molybdenum matr ix  a t  tempera- 
t u r e s  of TH = 78 percent and TH = 91 percent .  
i f  any, e f f e c t  on t h e  powder. 
The ex t rus ion  had very l i t t l e ,  
Figure 24 shows t h e  r e s u l t s  of ex t rus ion  i n  a tungs ten  mat r ix  a t  tempera- 
t u r e s  of T = 9 1  percent and T = 82 percent.  I n  the  tungs ten  matrix some 
e longa t ion  and f r a c t u r i n g  took place.  Observation of t h e  f i b e r s  shows 
very rough i r r e g u l a r  geometry. The lower t empera tu re  y ie lded  s l i g h t l y  
b e t t e r  f i b e r s  than  t h e  higher temperature. The gene ra l  look of t he  aluminum 
oxide f i b e r s  lead t o  t h e  conclusion t h a t  t h i s  material does not undergo 
p l a s t i c  deformation r e a d i l y ,  and no f u r t h e r  ex t rus ions  o r  re -ex t rus ions  
were attempted. 
H H 
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It was bel ieved t h a t  s i n g l e  c r y s t a l  s p h e r i c a l  ruby and sapphires  might 
show b e t t e r  p l a s t i c  behavior than the  mul t i - c rys t a l  oxide powders. 
Figure 25 shows these  spheres extruded i n  tungsten a t  temperatures of 
TH = 75 percent and T = 82 percent.  N o  deformation took place.  An 
at tempt  t o  extrude ruby and sapphire  a t  96 percent of t h e i r  mel t ing point  
i n  B i l l e t  16 was a l s o  unsuccessful .  A f i n e  white  powder r e s u l t e d ,  e i t h e r  
due t o  r e a c t i o n  of t he  oxide wi th  the  matrix o r ,  poss ib ly ,  due t o  mel t ing.  
Apparently,  s i n g l e  c r y s t a l s  of ruby and sapphires  cannot be p l a s t i c a l l y  
deformed under the  condi t ions used i n  t h i s  work. 
H 
Beryll ium Oxide 
Beryllium oxide was extruded i n  a temperature range of T = 65 percent  t o  H 
= 86 percent .  Figure 26 shows ex t rus ions  a t  temperatures of T = 65 
TH H 
percent  and T = 86 percent  i n  a molybdenum matrix. No v i s i b l e  e longa-  
t i o n  of the  powder took place.  
H 
S ingle  ex t rus ions  i n  a tungsten matrix (Figure 27) a t  temperatures of 
= 86 percent  and T = 75 percent  produced d e f i n i t e  f ibe r ing .  These 
extruded f i b e r s  showed the  h ighes t  aspect r a t i o  of any s i n g l y  extruded 
ma te r i a l  (Table X I ) .  This aspec t  r a t i o ,  17, i s  s t i l l  not  near t h e  theo re t -  
i ca l  value of 27 f o r  a 9 times reduct ion.  This value of the  aspec t  r a t i o  
and the  even lower values  i n  o the r  oxides i n d i c a t e s  t h a t  t h e  f i b e r s  are 
considerably s t ronge r  than  the  matrix a t  ex t rus ion  temperatures.  
while some p las t ic  deformation of t he  f i b e r s  t akes  place, some of t h e  matrix 
material simultaneously "flows" around the  particles much l i k e  a r i v e r  
flows around an i s l a n d .  It i s  remarkable t o  no t i ce  t h a t  t he re  i s  no void 
space behind each par t ic le .  Such voids have been observed t o  form i n  the  
"shadow" of massive uranium dioxide particles extruded i n  a s t a i n l e s s  
s t e e l  matrix. 
TH H 
Apparently,  
The q u a l i t y  of these  f i b e r s  was such t h a t  re -ex t rus ion  seemed ind ica t ed .  
F ibers  from B i l l e t  8 ,  extruded a t  a temperature of T = 86 percent ,  were H 
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re-extruded a t  t he  same temperature i n  B i l l e t  12. Good f i b e r s  were formed 
and a r e  shown p a r t i a l l y  and f u l l y  ex t r ac t ed  i n  Figure 28. The average 
diameter of the  f i b e r s  was est imated t o  be .33  mm. A similar double 
ex t rus ion  was produced i n  B i l l e t  20, and s tock  from t h i s  re -ex t rus ion  was 
used i n  the  unsuccessful  t r i p l e  ex t rus ion  a t t e m p t  of B i l l e t  22. 
Zirconium Oxide 
Zirconium oxide was extruded i n  molybdenum a t  temperatures of T 
percent and T = 80 percent  (Figure 29). A t  both temperatures some 
particles r e t a ined  t h e i r  o r i g i n a l  shape , while  o the r  particles appeared 
t o  e longate  s l i g h t l y .  The elongated p a r t i c l e s  a l l  showed severe f r a c t u r i n g .  
From t h i s  behavior one can draw the  conclusion t h a t  zirconium oxide i s  more 
deformable than  aluminum oxide o r  bery l l ium oxide.  A t  the  same time, it 
appears t h a t  molybdenum i s  not  s u f f i c i e n t l y  s t rong  a t  ex t rus ion  tempera- 
t u r e s  t o  support  t he  p a r t i c l e s  and t o  prevent cracking. 
= 60 H 
H 
Single  ex t rus ions  i n  a tungsten mat r ix  were c a r r i e d  out  a t  temperatures 
of TH = 70 percent  and T 
and the f i b e r s  showed considerable  uniformity and s t r eng th .  F ibe r s  pro- 
duced had a diameter es t imated t o  be approximately .72 t o  1.12 mm. 
= 80 percent  (Figure 30). P a r t i c l e s  e longated ,  H 
Although many of the  zirconium oxide f i b e r s ,  a f t e r  a s i n g l e  ex t rus ion ,  d i d  
not have diameters  as s m a l l  as o the r  ox ides ,  the  uniformity and lack  of 
t ransverse  cracks o r  i r r e g u l a r i t i e s  i nd ica t ed  t h a t  these  f i b e r s  were of 
super ior  q u a l i t y .  The f i b e r s  from B i l l e t  15, which contained 35 volume 
percent of oxides ,  were comparable i n  q u a l i t y  t o  f i b e r s  from b i l l e t s  
having a lower oxide con ten t ,  a l though many f i b e r s  appeared a t t ached  t o  
o the r  f i b e r s .  
Because of these  encouraging resu l t s ,  a number of double ex t rus ions  and 
one t r i p l e  ex t rus ion  were c a r r i e d  ou t  wi th  zirconium oxide.  F i b e r s  from 
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B i l l e t  8 were re-extruded i n  B i l l e t  12; f i b e r s  from B i l l e t  13 were re- 
extruded i n  B i l l e t s  17 and 18; and f i b e r s  from B i l l e t  15 were re-extruded 
i n  B i l l e t  19. A l l  of t hese  ex t rus ions  were a t  a temperature a t  o r  near  
TH = 80 percent.  
p a r t i a l l y  e x t r a c t e d  f i b e r s  of B i l l e t  19,  conta in ing  35 volume percent of 
oxides,  are compared wi th  those of Bi l le t  18, conta in ing  15 volume percent 
of ox ides ,  i n  F igure  32. Considerable clumping of f i b e r s  can be observed 
Figure 3 1  i l l u s t r a t e s  some of t he  f i b e r s  produced. The 
i n  B i l l e t  19. Zirconium oxide f i b e r s  a f t e r  two e x t r u s i o n s ,  each wi th  a 
reduct ion  i n  area of 9 t i m e s ,  had a diameter of .33 mm. 
Figure 33 shows t h e  f i b e r s  from t h e  t r i p l e  e x t r u s i o n ,  B i l l e t  21 (re- 
ex t rus ion  of B i l l e t  18 a t  TH = 7 3  percent ) .  
w i th  a n  es t imated  diameter of .23 t o  .07 mm. The f i b e r s  have non-c i rcu lar  
c ros s  s e c t i o n s .  Because of the  d i f f i c u l t y  i n  removing the  f i b e r s  from t h e  
matrix, i t  is  d i f f i c u l t  t o  e s t a b l i s h  whether f i b e r s  i n  the  matrix are of 
a u s e f u l  length .  
The f i b e r s  are q u i t e  f i n e ,  
Hafnium Oxide 
Hafnium oxides were extruded i n  a temperature range of T = 60 percent t o  
TH = 84 percent.  
extruded a t  TH = 68 percent (Figure 3 4 ) .  
H 
B i l l e t  2 ,  conta in ing  hafnium oxide i n  molybdenum, 
No deformation took place. 
A l l  s i n g l e  ex t rus ions  i n  a tungs ten  matrix produced f i b e r i n g  (Figure 35). 
Apparently a t empera tu re  of T = 61  percent  r ep resen t s  t he  lower l i m i t  of  H 
p l a s t i c  deformation. The f i b e r s  produced a t  t h i s  temperature are rough 
and p a r t i a l l y  f r a c t u r e d .  Better f i b e r s  were produced a t  T = 68 percent 
and TH = 84 percent.  
The d i f f e r e n c e  between t h e  f i b e r i n g  occurr ing  a t  T = 68 percent w i t h  a 
tungs ten  matrix (Figure 3 5 )  and the  complete absence of f i b e r i n g  w i t h  a 
molybdenum matrix a t  t h e  same temperature (Figure 3 4 )  is  s t r i k i n g .  
H 
The approximate diameter of t hese  f i b e r s  i s  .74 mm. 
H 
One double e x t r u s i o n  of hafnium oxide was c a r r i e d  o u t  a t  a temperature 
of TH = 68 percent ( B i l l e t  20, us ing  f i b e r s  from B i l l e t  7 ) .  Figure  36 
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shows f i b e r s  produced i n  t h i s  double ex t rus ion .  Average f i b e r  s i z e  was 
est imated t o  be .33 mm. The f i b e r s  were round and uniform, wi th  few 
i r r e g u l a r i t i e s  and few broken pieces. The hafnium oxide f i b e r s  of B i l l e t  20 
appear t o  be the  h ighes t  q u a l i t y  f i b e r s  produced by double ex t rus ion .  
should be noted t h a t  t he  f i b e r s  of B i l l e t  7 used f o r  re -ex t rus ion  were not  
judged t o  be of good q u a l i t y .  
b e t t e r  p las t ic  behavior and y ie lded  more uniform f i b e r s .  
ques t ion  of whether t he  same e x t r u s i o n  temperature g ives  b e s t  r e s u l t s  i n  
the  o r i g i n a l  breakdown of t he  oxide g ra ins  o r  i n  f u r t h e r  re -ex t rus ions  . 
It 
Other s i n g l y  extruded f i b e r s  had shown 
This raises the  
Magnesium Oxide 
Magnesium oxide i n  a molybdenum matrix was extruded a t  a temperature of 
= 68 percent (Figure 37). Some f i b e r i n g  occurred,  bu t  f i b e r s  were TH 
i r r e g u l a r  and had very rough su r faces .  
Extrusions i n  tungs ten  were c a r r i e d  ou t  a t  temperatures of T = 6 1  percent  
and TH = 84 percent  (Figure 3 8 ) .  
improved as the  temperature of e x t r u s i o n  decreased. A t  a t empera tu re  of 
TH = 84 percent ,  only 50 percent  of t he  f i b e r s  were deformed. 
68 percent  and T = 61 percent ,  a l l  f i b e r s  deformed. Since it is  un l ike ly  
t h a t  t he  oxides  become more p l a s t i c  a t  lower temperatures ,  we may specula te  
t h a t  the  increased deformation is  due t o  the  more r ap id  s t rengthening  of  
t he  tungsten matrix compared t o  the  e f f e c t  of decreasing temperature on 
H 
The q u a l i t y  of s i n g l y  extruded f i b e r s  
A t  TH = 
H 
the  oxide.  Such s t rengthening  of the  matrix would p e r m i t  a b e t t e r  t r a n s f e r  
of e x t r u s i o n  fo rces  t o  the  oxide and, t he re fo re ,  more f i b e r  e longat ion .  
Only one re -ex t rus ion  ( B i l l e t  20) was attempted a t  a temperature of T 
68 percent  (Figure 39). 
good q u a l i t y  and had an  average diameter of .33 mm. 
= 
The f i b e r s  produced i n  t he re -ex t rus ion  were of 
H 
Thorium Oxide 
Thorium oxide powders were extruded a t  temperatures of T = 58 percent t o  
= 74 percent .  One ex t rus ion  w a s  c a r r i e d  o u t  i n  a molybdenum matrix a t  
= 68 percent (Figure 4 0 ) .  Some l imi t ed  e longa t ion  occurred. 
H 
T€I 
TH 
I n  the  ex t rus ions  i n  a tungs ten  matrix, f i b e r i n g  occurred i n  a non-uniform 
manner (Figure 41). Apparently, some of t he  powders e longated  apprec iab ly ,  
while o the r s  r e s i s t e d  deformation almost completely. The lack  of deformation 
was more pronounced a t  t h e  e l eva ted  temperature(T 74 percent) e x t r u s i o n  
than a t  the  lower temperature (T = 68 percent) ex t rus ion .  Therefore,  
ex t rus ions  a t  temperatures of T = 58 percent and T = 74 percent bracketed 
the  optimum temperature f o r  thorium oxide i n  a tungs ten  matrix. 
H 
H 
H H 
Re-extrusion of prev ious ly  extruded thorium oxide f i b e r s  was c a r r i e d  ou t  
i n  f i v e  b i l l e t s  a t  temperatures of T = 63 percent and T = 68 percent 
(Figure 42) .  The q u a l i t y  of t he  f i b e r s  extruded a t  T = 63 percent 
(Bi l le t  18) appeared supe r io r  t o  those extruded a t  a h igher . tempera ture .  
Transverse i r r e g u l a r i t i e s  occur r ing  a t  T = 68 percent were absent  a t  t h e  
lower temperature. The thorium oxide f i b e r s  produced by r e -ex t rus ion  had 
non-circular c r o s s  s e c t i o n s .  
H H 
H 
H 
The material from B i l l e t  18 was re-extruded a t h i r d  time i n  B i l l e t  2 1  a t  
a temperature of T = 63 percent.  The r e s u l t i n g  f i b e r s  had many t r ansve r se  
i r r e g u l a r i t i e s  and have t o  be r a t e d  as unsu i t ab le  f o r  s t rengthening  
purposes e 
H 
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COMPk'iRISON OF FIBERING 
The aspect r a t i o  is considered the  most important geometric measurement 
of f i b e r i n g .  I n  o r d e r  t o  o b t a i n  s i g n i f i c a n t  va lues  f o r  t he  aspect r a t i o ,  
a v a l i d  measurement of f i b e r  length  and diameter should be a v a i l a b l e .  
Since both  of t h e s e  measurements are n o t  always a v a i l a b l e ,  one can ca l -  
c u l a t e  one of them i f  t h e  o t h e r  i s  known by assuming an average s t a r t i n g  
diameter f o r  t he  powder. 
This has been done i n  Table X I I .  The c a l c u l a t i o n s  f o r  t he  aspect r a t i o s  
were c a r r i e d  o u t  us ing  measured length  as the  most r e l i a b l e  dimension f o r  
s i n g l e  e x t r u s i o n s  and measured diameters f o r  double and t r i p l e  ex t rus ions .  
This choice i s  e a s i l y  j u s t i f i e d  when the  e x t r a c t e d  f i b e r s  are examined. 
The s i n g l e  reduct ion  f i b e r s  are cigar-shaped wi th  a w e l l  def ined  length  
and a continuously t a p e r i n g  d iameter ,  while mul t ip l e  reduct ion  f i b e r s  are 
usua l ly  broken a long  t h e i r  l ength  but have a f a i r l y  uniform diameter.  
Table X I 1  shows t h e  length  and diameter of f i b e r s  (one of which is measured, 
t h e  o t h e r  ca l cu la t ed ) .  From t h i s ,  t h e  aspect r a t i o  i s  c a l c u l a t e d .  F i n a l l y  
t h i s  c a l c u l a t e d  aspect r a t i o  i s  compared t o  t h e  t h e o r e t i c a l  a s p e c t  r a t i o .  
Although t h e  r e s u l t s  of t hese  c a l c u l a t i o n s  are inconclus ive  , t h e  gene ra l ly  
supe r io r  behavior of t h e  thorium oxide i s  apparent.  
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CONCLUSIONS 
This work attempted t o  s tudy  i n  a prel iminary way the  f e a s i b i l i t y  of 
p l a s t i c a l l y  deforming h igh  temperature metal  oxide particles by ex t ruding  
the  p a r t i c l e s  toge ther  w i th  a mat r ix  of a r e f r a c t o r y  metal (molybdenum 
o r  tungsten) .  
o u t  repea ted ly  would y i e l d  oxide f i b e r s  having some merit a s  r e in fo rc ing  
It was expected t h a t  such plast ic  deformation w h e n ~ c a r r i e d  
ma te r i a l  i n  a composite s t r u c t u r e .  The scope of the  work d id  not  include 
any eva lua t ion  of the  s t r e n g t h  and mechanical c h a r a c t e r i s t i c s  of t he  f i b e r s  
but  only an  eva lua t ion  of the  change i n  geometry as a n  i n d i c a t i o n  of 
p l a s t i c i t y  o r  "fibering".  
Because of t h e  d i f f i c u l t i e s  assoc ia ted  wi th  the  high temperature ex t rus ion  
technology requi red  and wi th  the  a v a i l a b l e  methods f o r  f i b e r  eva lua t ion ,  
the  r e s u l t s  and conclusions should be considered only  as prel iminary and 
t e n t a t i v e .  
of v a r i a b l e  condi t ions ,  a la rge  number of disconnected da.ta points  r e s u l t e d .  
The fol lowing r e s u l t s  and conclusions were obtained.  
Because a l a rge  number of oxides were extruded under a number 
1. The s t r e n g t h  of t he  matr ix  material i s  of g r e a t  importance. The 
i d e a l  condi t ion  would be an  ex t rus ion  where mat r ix  and oxide show the  same 
s t r e n g t h  o r  r e s i s t a n c e  t o  ex t rus ion .  If  t h i s  i s  no t  poss ib le ,  t he  r a t i o  
of the  s t r e n g t h  of the  mat r ix  t o  the  s t r e n g t h  of the  oxide should be made 
as c lose  t o  un i ty  as poss ib le .  It should be r e a l i z e d  t h a t  t h i s  does not  
n e c e s s a r i l y  mean an  increase  i n  temperature,  s ince  the  matrix may s o f t e n  
r ap id ly  whi le  the  oxide s t r e n g t h  may be r e l a t i v e l y  unaffected.  
I n  the  experiments c a r r i e d  out  dur ing  t h i s  c o n t r a c t ,  i t  was shown t h a t  
molybdenum is  too  weak t o  t ransmi t  f o r c e s  necessary t o  r e s u l t  i n  f i b e r i n g  
of the  oxides under s tudy.  Tungsten, a l though f a r  from a pe r fec t  match 
wi th  the  oxides ,  p e r m i t s  plastic deformation i n  most cases., For bery l l ium 
oxide,  zirconium oxide,  and hafnium oxide,  f i b e r  q u a l i t y  appeared t o  i n -  
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crease w i t h  inc reas ing  e x t r u s i o n  temperature.  For magnesium oxide and f o r  
thorium oxide ,  t h e  oppos i te  seemed t o  be t h e  case. 
2. The aspect r a t i o  of t he  f i b e r s  measured was considerably lower than  
t h a t  ca l cu la t ed  from t h e o r e t i c a l  cons idera t ions  based on equal  deformation 
of oxides and matrix. Although it was impossible t o  c a l c u l a t e  t h e  aspect 
r a t i o  f o r  most f i b e r s  d i r e c t l y  by measuring diameter and length,  it was 
poss ib le  t o  o b t a i n  average measured diameters and t o  compare these  t o  
t h e o r e t i c a l  ca l cu la t ed  diameters.  The t h e o r e t i c a l  reduct ion  i n  diameter 
f o r  an e x t r u s i o n  r educ t ion  of 9 t i m e s  i s  3 .  The observed r educ t ion  i n  
diameter was c l o s e r  t o  2 f o r  each of th ree  success ive  reduct ions .  (The 
average s t a r t i n g  diameter was 1.3 mm; t he  diameter a f t e r  one e x t r u s i o n  w a s  
.7 mm, a f t e r  two ex t rus ions  .3  mm, and a f t e r  t h r e e  ex t rus ions  .15 mu f o r  
most success fu l  ex t rus ions . )  
3 .  
conclude t h a t  on ly  one -- aluminum oxide -- was s i g n i f i c a n t l y  more d i f f i -  
c u l t  t o  deform p l a s t i c a l l y .  
o t h e r  ox ides ,  t hese  can be a t t r i b u t e d  t o  t h e  condi t ions  of t he  experiment 
r a t h e r  t han  t o  an  inhe ren t  property of the  oxides themselves. 
more work would be r equ i r ed  t o  e s t a b l i s h  and compare the  inhe ren t  f i b e r i n g  
c h a r a c t e r i s t i c s  of t he  o t h e r  f i v e  oxides ,  
Comparing t h e  s ix  d i f f e r e n t  oxides extruded i n  t h e  program, one can 
Although d i f f e r e n c e s  were observed between t h e  
Considerably 
4 .  Single  c r y s t a l  aluminum oxide (ruby and sapphi re)  e n t i r e l y  r e s i s t e d  
deformation. This may be due t o  t h e  f a c t  t h a t  a pe r fec t  sphere does n o t  of 
o f f e r  t h e  locking t o  the  matrix which occurs wi th  a rough par t ic le .  It 
may a l s o  be explained by t h e  absence o f  g r a i n  boundaries and poss ib le  s l i p  
planes.  F i n a l l y ,  i t  could be expla ined  by t h e  inhe ren t  lack  of p l a s t i c i t y  
of aluminum oxides.  
5. N o  obvious d i f f e r e n c e s  could be a t t r i b u t e d  t o  the  c r y s t a l  s t ructures  
of t he  oxides  (cubic,  hexagonal, and monoclinic). Both aluminum oxide 
and bery l l ium oxide are hexagonal. 
w e l l .  
The f i rs t  deformed poorly; t h e  second, 
34 
6. The ob jec t ive  of t he  program was t o  produce f i b e r s  having a t t r a c t i v e  
s t r e n g t h  p rope r t i e s  t o  be used i n  a f i b e r  composite s t r u c t u r e .  Although 
no a c t u a l  s t r e n g t h  measurements were made, it i s  q u i t e  apparent t h a t  even 
the bes t  f i b e r s  produced were very f r a g i l e  and lacked s t r u c t u r a l  s t r eng th .  
One may specula te  t h a t  t he  bas i c  reason f o r  t h i s  lack  of s t r e n g t h  can be 
found i n  the  g r a i n  s i z e  of the  s t a r t i n g  ma te r i a l  and of the  extruded 
f i b e r s .  I n  genera l ,  high s t r e n g t h  i n  ceramics has been reported f o r  
s i n g l e  c r y s t a l  f i b e r s  o r  f o r  extremely f i n e  grained mater ia l .  I n  t h i s  
program, the  s i n g l e  c r y s t a l  ma te r i a l  was not  deformable. The po lyc rys t a l l i ne  
ma te r i a l  produced f i b e r s  having diameters  of t he  same order  of magnitude 
as t he  g r a i n  s i ze .  
should become an important cons idera t ion .  
I n  f u t u r e  work the  study and c o n t r o l  of g ra in  s i z e  
7 .  
portant,  is  the  temperature of  ex t rus ion .  A s  has been discussed ear l ier ,  
it is  impossible t o  sepa ra t e  the  e f f e c t  of temperature on the  mechanical 
and plastic p rope r t i e s  of t he  oxide from the  simultaneous e f f e c t  on the  
matrix. The homologous temperature was found t o  be a convenient method 
of comparing d i f f e r e n t  oxides  extruded a t  d i f f e r e n t  temperatures.  
The v a r i a b l e  s tud ied  which o r i g i n a l l y  was bel ieved t o  be most i m -  
8. 
matr ix  m a t e r i a l  by anodic d i s s o l u t i o n  was developed, 
t o  be appl icable  t o  a l l  oxides.  
t he  only poss ib le  method, 
f i b e r s  can be removed by e t ch ing  i n  hydrogen peroxide. 
appears t o  be i n e r t  t o  a l l  oxides wi th  t h e  except ion of magnesium oxide.  
The r e a c t i o n  wi th  magnesium oxide i s  s u f f i c i e n t l y  slow t o  permit i t s  use 
f o r  s h o r t  exposures e 
A convenient and p r a c t i c a l  method of removal of the oxides  from the  
This method appeared 
I n  the  case of a tungsten matr ix ,  it was 
Small remaining amounts of metal  c l ing ing  t o  
Hydrogen peroxide 
8. No r e a c t i o n  between the  mat r ix  material and the  oxides appears  t o  
occur a t  temperatures up t o  90 percent  of t he  absolu te  melting poin t  of 
the  oxides.  
TH = 90 percent may be required.  
A more c a r e f u l  s tudy of t h i s  quest ion and of t he  range over  
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1. 
thermocouples t o  be used i n  t h i s  type of work is required.  
having a high degree of r e l i a b i l i t y  should be e s t ab l i shed  before  any 
f u r t h e r  work is  undertaken. 
A c a r e f u l  re -evaluat ion of temperature masurement techniques by 
A technique 
2. 
is requi red .  Using the  system of homologous temperatures , oxides should 
be extruded a t  f i xed  poin ts  of t h i s  temperature scale (T = 50, 65, 80, 
and 90 percent) .  
A more sys temat ic  eva lua t ion  of t he  e f f e c t  of temperature on f i b e r i n g  
H 
3. 
d r i c a l  rods of an oxide which has been shown t o  undergo deformation from 
po lyc rys t a l l i ne  powders be extruded.  
It i s  recommended t h a t  s i n g l e  c rys ta l  s p h e r i c a l  powders and c y l i n -  
4 .  I n  fu tu re  work i t  may be b e t t e r  t o  concentrate  e f f o r t s  on one o r  
two oxides r a t h e r  than on a la rge  number of oxides.  
zirconium oxide appear t o  be the  most promising ma te r i a l s .  
Thorium oxide and 
5. An a t t e m p t  should be made t o  e s t a b l i s h  the  r e s i s t ance  t o  ex t rus ion  
(ex t rus ion  cons tan t )  of the  oxide i t s e l f  and t o  compare these  d a t a  t o  the  
s t r e n g t h  of var ious a v a i l a b l e  matrix ma te r i a l s .  The ex t rus ion  cons tan t  
of an oxide can be es t ab l i shed  by ex t ruding  b i l l e t s  cons i s t ing  i n  major 
p a r t  of t he  oxide under inves t iga t ion .  
cold packed powder could be extruded i n  a r e l a t i v e l y  t h i n  molybdenum can. 
A s o l i d  s i n t e r e d  oxide b i l l e t  o r  a 
6 .  
ob ta in  s t r e n g t h  measurements a t  e l eva ted  temperature of €he composite 
mater ia  1. 
S u f f i c i e n t  oxide f i b e r  re inforced  material should be generated t o  
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TABLE I,  - PHYSICAL CHARACTERISTICS 
Oxide 
Powder 
A1203 
Be0 
Z r 0 2  
( s tab i l i zed)  
H f  O2 
Mgo 
Tho2 
Reported 
Melting Point 
2015-2050 
2520-2550 
2550-2710 
2757 -2812 
2600-2800 
3050-3300 
OF OXIDES* 
Reported L i m i t  o f  Usefulness ("C) 
~- 
In A i r  
1980 
2400 
2400 
2400 
2400 
2700 
In Vacuum 
18 00 
2000 
2220 
---.m 
1600 
s-9- 
I n  Reducing 
Atmosphere 
1975 
1955 
2205 
> 1925 
1700 
1980 
Modulus of 
E l a s t i c i t y  a t  
Room Temp. 
2 (kg/cm x lom6) 
3 .5-4 .1  
3 .O-3.9 
1.7 -2.0 
.58 
2.1-2.5 
1.5-2.4 
*Main source of data:  HIGH TEMPERATURE MATERIALS MATERIAL INDEX, Peter 
T . 3 '  Shaffer,  Plenum Press, 1964. 
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Powder 
Type 
2'3 
Be0 
Zr02 
Hf O2 
Mgo 
Tho2 
2'3 
2'3 
TABLE 11. - COMMERCIAL NAME, SIZE RANGE, AMOUNT 
AND SOURCE OF PURCHASED OXIDES 
Commer c ia 1 
Name 
38 Alundum 
Therma Load 
Bery llia 
Zirconia H 
Hafnia 
Refractory 
Magnori t e 
Thorium Oxide 
Calcinated 
Sapphire 
Rubies 
'Size Range 
(Tyler Mesh 
Size). 
-14 +16 
-12 +24 
-12 +30 
-10 +14 
-14 +24 
-10 +14 
40 mils dia. 
- + 5 mils 
40 mils dia. - + 5 mils 
Amount 
Purchased 
5 lbs. 
3 lbs. 
3 lbs. 
3 lbs. 
8 lbs. 
3 lbs. 
11,000 
spheres 
16,000 
spheres 
Commercial 
Source 
Norton Company 
Brush Beryllium 
Corporation 
Norton Company 
Zirconium Corpora- 
tion of America 
Norton Company 
Zirconium Corpora- 
tion of America 
Miller Manufactur- 
ing Company 
Miller Manufactur- 
ing Company 
38 
Oxide 
Powder 
2'3 
e o  
B e0 
Tho 
Hf02 
Zr02 
TABLE 111. - DENSITIES OF POLYCRYSTALLINE OXIDE 
POWDERS USED AS STARTING MATERIAL 
Theoretical Density 
g/ cc 
3.97 
3-60 
3.02 
9.82 
9.68 
5.75 
Apparc 
glcc 
1.72 
1.63 
1.38 
4.32 
4.52 
2.51 
it or Bulk Density 
% of theoretical 
43.4 
45.3 
45.7 
44.0 
46.7 
43.7 
Particle Density 
z7=- 
3.89 
3.47 
2.91 
9.10 
9.60 
5.60 
>ycnome t ry) 
i of theoretical 
98.0 
96.5 
96.5 
92.5 
99.3 
97.5 
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TABLE I V .  .. CRYSTAL STRUCTURE, IMPURITIES, AND GRAIN SIZE 
OF POLYCRYSTALLINE STARTING OXIDES 
Oxide Powder C r y s t a l  S t r u c t u r e  I m p u r i t i e s  Grain S ize  
(X-ray d i f f r a c t i o n )  (X-ray f luorescence)  (Back r e f l e c t i o n  - Laue) 
> 95% a lpha  1% Fe coa r se ,  125 microns 
A1203 
Mgo > 95% cubic  C 1% Z r ,  Hf, and Fe coa r se ,  125 microns 
Be0 > 95% hexagona 1 No impur i t i e s  de t ec t ed  f i n e ,  > 2 microns 
Tho2 > 95% cubic  No i m p u r i t i e s  de t ec t ed  medium t o  f i n e  
> 95% monoclinic C 1% Z r ,  and Fe coa r se ,  125 microns Hf O2 
Z r 0 2  w 10% monoclinic < 1% Bf 
w 90% cubic  ( s t a b i l i z e d )  
coa r se ,  125 microns 
1 5 O O O . C  
1800 O C  
2 100 O C  
TABLE V .  . LISTING OF COMPATIBILITY STUDIES BETWEEN 
SIX OXIDES AND TUNGSTEN AND MOLYBDENUM 
METAL 
A1203 I 
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TABLE V I .  - LISTING OF METHODS OF REMOVAL 
OF OXIDE FIBERS FROM A 
MOLYBDENUM OR TUNGSTEN MATRIX 
Matrix Method Compatible Oxide 
- _ _  __  - 
Mo 1. A1203 Hot n i t r i c - s u l p h u r i c  a c i d  s o l u t i o n  
2 .  Hot n i t r i c  ac id  
3 .  
4 .  
5. 
6 .  
Oxidation i n  a i r  a t  e l eva ted  
temper  a t  ure  
Anodic d i s s o l u t i o n  i n  a l k a l i  
e l e c t r o  l y t e  
Anocid d i s s o l u t i o n  i n  a c i d i c  
e l e c t r o l y t e  
A1203, Beo, H f 0 2 ,  
Tho2, and Z r 0 2  
A l l  oxides  
A l l  oxides 
A1203, BeO, H f 0 2  
Molten oxid iz ing  salts  MgO and Tho2 
W 1. Anodic d i s s o l u t i o n  i n  a l k a l i  
e l e c t r o l y t e  
A l l  oxides  
2.  Anodic d i s s o l u t i o n  i n  a c i d i c  A1203, BeO, Hf02 
2 
Tho2, and Z r O  e l e c t r o l y t e  
3. Molten oxid iz ing  salts  
4. Aqua r e g i a  
MgO and Tho2 
A1203, BeO, Hf02 
Tho and Z r 0 2  2 
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TABLE V I I .  - FEACTION OF OXIDES W I T H  VARIOUS 
CHEMICAL SOLUTIONS 
0 
0 
0 
0 
Oxide 
Powder 
0 
0 
0 
0 
Mgo 
B e 0  
A1203 
Z r 0 2  
Hf O2 
Tho2 
a 
100 
1 
1 
1 
0 
Weight Loss* (percent )  
100 
33 
1 
1 
1 
0 
a = 4 5 v / ~  d i s t i l l e d  water 
45v/o HN03 
10v/o H2S04 
195OF f o r  24 hours ( r e f lux )  
b 5OV/o d i s t i l l e d  water 
5OV/o HN03 
195OF f o r  24 hours ( r e f lux )  
C 
65 
1 
0 
0 
0 
0 
c = aqua r e g i a  
hours 
room temperature f o r  24 
d = 5 N  NaOH 
room temperature f o r  24 
hours 
e = 3OV/o H202 
hours 
room temperature f o r  24 
* 
A t  s ta r t  of test  1 g r a i n  of oxide was added t o  100 m l  of so lu t ion .  
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TABLE VIII. - SOLUBILITY OF MATRIX mTALS 
I N  CHEMICAL SOLUTIONS 
Oxide Powder 
Mo - 4 gm 
1/4-inch D x 
1/4-inch L cy l inde r  
100 m l  s o l u t i o n  
W - 8 gm 
5/8-inch D x 
1/16-inch Th, d i s c .  
100 m l  s o l u t i o n  
a 
100 
0 
V 
a.  45 / o  d i s t i l l e d  water 
45 v/o HNo3 
1oV/o H ~ S O ~  
195OF f o r  4 hours ( r e f lux )  
b.  5OV/o d i s t i l l e d  water 
5OV/o HN03 
195'F f o r  4 hours ( r e f lux )  
Weight Lo 
b 
100 
0 
C 
18 
0.1 
d 
5.1 
3 
C. aqua r e g i a  
4 hours a t  room temperature 
d .  3OV/o H202 
4 hours a t  room temperature 
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TABLE IX. - LISTING OF EXTRUSION BILLETS 
Extrusion 
Number I Extrusion Temper a t  ure ('a 
1500 
1800 
---- 
2 100 
---- 
---- 
1800 
2 100 
2300 
1600 
1800 
Ruby and 
Sapphire, 
(2030 "C) 
- 
82%(P) 
75%(P) 
A1203 
(2030 "C)' 
78%( P) 
9l%(P) 
(PI 
- 
s__ 
91%(P) 
- 
I 
82%(P) 
- 
Be0 
:2530'C)* 
* 
Temperature under oxide is approximate melting point.  
Zr02 
:27OO0C)' 
60%(P) 
- 
- 
80%(P) 
(PI - 
- 
80%(P) 
- 
- 
70%(P) 
Mgo 
(2800 "C)* 
68%(P) 
74%(P) 
- 
58%(P) 
Matrix 
Mater ia l  
Mo 
MD 
W 
Mo 
W 
W 
W 
W 
W 
w 
W 
* ... . 
Reduction 
Ratio 
9 
9 
- 
9 
- 
- 
9 
9 
9 
9 
9 
- 
Remarks 
Extruded a s  No. ; 
Extruded as No. f 
Extruded a s  No. 5 
Former No. 3 
Former No. 5 
Former No. 6 
"% i nd ica t e s  homologous temperature. 
(P) i nd ica t e s  s t a r t i n g  ma te r i a l  was powder. 
(Number) i nd ica t e s  s t a r t i n g  ma te r i a l  was previously extruded i n  
the  b i l l e t  number given. 
TAJ3Y.B IX. - LISTING OF EXTRUSION BILLETS - continued 
Extrusion 
Temperature 
( "C) 
Ruby 'and 
Sapphire 
(2030 "C) 
*l2'3 
(2O3O0C)' 
2r02 
:2700°C)* 
Hf O2 
12800 "C) ' 
Tho2 
:3 100 "C)* 
Matrix 
Mater ia l  
Reduction 
Ratio 
Remarks Mgo 
28OO0C)* 
68%(8) 
- 
68% (P) 
68% (P) 
2 100 
2 100 
2 100 
2 100 
1900 
2 100 
1900 
2 100 
1800. 
1900 
---- 
W 
W 
W 
W 
W 
W 
W 
W 
W 
W 
W- 
9x9 = 8 1  
9 
9 
9 
9 
9x9 = 8 1  
9x9 = 8 1  
9x9 = 81 
9x9 = 81 
9x9~9-729 
80%(8) 
80%(P) 
- 
80%(P) - 
80%(13) 
73%( 13) 
- 
73%(18) 
- 
35'/0 oxides 
not extruded 
96%(P)* 
68% ( 14) 
63%( 14) 
68%( 15) 
18 I 19 
63%( 18) 
- 
* 
Temperature under oxide i s  approximate melting point.  % i nd ica t e s  homologous temperature. (P) i nd ica t e s  s t a r t i n g  ma te r i a l  was powder. 
(Number) i nd ica t e s  s t a r t i n g  ma te r i a l  was previously extruded i n  
the  b i l l e t  number given. 
TABU X .  - EXTRUSION DATA 
B i 1 let Number 
1 
2 
4 
7* 
8** 
9** 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
2 1** 
* 
Extrusion Temperature 
("C) 
1575 
1830 
2 120 
1820 
2 125 
2300 
16 10 
1805 
2 120 
2 100 
2 100 
2 100 
1900 
2 100 
1900 
2 100 
1800 
1900 
Ram Speed 
(in/min) 
1300 
1200 
1350 
1000 
1000 
1350 
700 
900 
1000 
1000 
900 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
Extru 
U p s e t  
( tons)  
500 
525 
450 
1000 
900 
900 
675 
650 
575 
650 
725 
600 
5 75 
550 
575 
575 
550 
750 
on Force 
Running 
(tons)  
450 
4 75 
425 
725 
700 
700 
600 
575 
550 
550 
625 
5 75 
550 
500 
525 
500 
525 
700 
*Best estimate o f  temperature when leaving induction furnace. 
*Extrusions from 3.454-inch l i n e r ;  a l l  others from 3.045-inch l i n e r .  
A l l  extrusions with a reduction r a t i o  o f  9 times. 
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TABLE X I .  - CHARACTERIZATION AND MEASUREMENTS 
OF EXTRACTED FIBERS 
Desc r ip t ive  Observations 
SINGLE EXTRUSIONS, R = 9 
A1203 
Be 0 
Z r 0 2  
Hf O2 
7 
10 
13 
11 
13 
15 
11 
9 
10 
9 1  
82 
86 
75 
80 
80 
70 
84 
61 
---- 
-e-- 
6.1 
4.3 
6.8 
1--1 
6.5 
5.4 
---- 
No deformation. 
Some e longa t ion  - very i r r e g u  
pieces. 
a r ,  broken 
A l l  e longated .  Very v a r i a b l e  f i b e r s  , 
A l l  e longated .  Var iab le  c r o s s  s e c t i o n .  
A l l  e longated  - f a i r l y  uniform. 
High f i b e r  volume percent .  A l l  e longated  
bu t  almost a l l  broken. Many s t u c k  toge the r .  
A l l  e longated  . Many broken. 
75% e longated .  25% undeformed. Many 
broken. 
50% s l i g h t l y  e longated . 
not  measurable. 
50% unde f ormed , 
TABTS X I .  - CHARACTERIZATION AND MEASUREMENTS 
OF EXTRACTED FIBERS - continued 
Descr ip t ive  Observations 
S1NGT.X EXTRUSIONS, R = 9 
9 
7 
10 
9' 
14 
15 
84 
68 
6 1  
74- 
68 
68 
4 
7.2 
5.2 
5 
9 
9 *3 
.86 
e 72 
* 72 
-53 
.79 
e 7 2  
4 . 6  
10 
7.2 
8 -8 
11.4 
13 
WUBLF, EXTRUSIONS, R 
50% elongated. 
broken. 
50% s l i g h t l y  e longated  bu t  
A l l  e longated .  F a i r l y  uniform. 
A l l  e longated .  F a i r l y  uniform. 
50% elongated. 50% no t  deformed. S ing le  
c r y s t a l s  deformed independently. 
A l l  uniformly e longated .  
some round. 
Many f l a t  pieces 
A l l  e longated ,  
t oge the r .  
Almost a l l  broken and s t u c k  
= 81 
F a i r l y  r e g u l a r  and round, and f a i r l y  uniform. 
A l l  s imilar .  Considerable broken pieces and 
d e b r i .  Uniform i n  diameter.  Not round. 
S imi l a r  t o  12, 17, and 19. 
* 
Longest found in e x t r a c t e d  f i b e r s ,  Since a l l  e x t r a c t e d  f i b e r s  are broken, t h i s  
does n o t  r ep resen t  a c t u a €  maximum length.  
t 
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TABLE X I .  - CHARACTERIZATION AND PlEASUREMENTS 
OF EXTRACTED FIBERS - continued 
Descr ip t ive  Observations 
DOUBLE EXTRUSIONS, R = 8 1 
20 
20 
1 
1 
1 
18 
68 
68 
68 
63 
73 
63 
.33 
.33 
.30 
.23 
Uniform round f i b e r s .  No t r a n s v e r s e  
i r r e g u l a r i t y .  Few fragments. 
Good f i b e r s ,  some round, some t r i a n g u l a r .  
Many broken pieces. 
F a i r  un i formi ty ,  Broken pieces. Transverse 
i r r e g u l a r i t i e s .  Many n o t  round. 
Longi tudina l  s t r i a t i o n s .  No t r a n s v e r s e  
i r regular i t ies .  Not round. 
TRIPLE EXTRUSIONS, R = 729 
Broken f i b e r s .  Not uniform. Transverse 
i r r e g u l a r i t i e s .  
Mostly broken fragments. Transverse 
i r regular i t ies .  Poor f i b e r s .  
TABLE X I I .  - CALCULATED FIBER LeNGTH, DIAMEZER, 
AND ASPECT RATIO 
- h i d e  B i l l e t  F iber  Fiber  Calculated Theore t ica 1 A. R. 
Powder Number Length Diameter Aspect Ratio Calculated A.R. 
(m) (mm) 
SINGLE EXTRUSION : R = 9  THEORETICAL ASPECT RATIO = 27 
Be 0 13 
11 
ZrQ2  13 
11 
Hf02 9 
Mgo 9 
7 
10 
Tho2 9 
14 
15 
6.1* 
4.3* 
6.8* 
6*5* 
5.4* 
4* 
7.2* 
5.2* 
5* 
9* 
9.3* 
.43** 
.50* 
e 56* 
.55** 
.61Jwr 
.64* 
0 53** 
e 63* 
.63* 
.48* 
.47** 
14.2 
8.6 
12.2 
11.9 
8.8 
6.3 
13.5 
8.3 
8 .O 
19 -0 
20.0 
1.9 
3.2 
2.2 
2.2 
3.1 
4.3 
2.0 
3.3 
3 -4 
1.4 
1.3 
DOUBLE EXTRUSION : R = 81 THEORETICAT., ASPECT RATIO = 729 
18 19* .33* 
Hf O2 20 19** .33* 
e 0 2  20 19* * 339 
19,17,12 23** e30* Tho2 
18 39** 6 23* 
Be0 12,20 10.2* .33* 30 
Zr02 12,17,19 19** .33* 56 
56 
56 
56 
76 
70 
24 
13 
13 
13 
13 
9,6 
4.3 
TRIPLe EXTRUSION : R = 729 THEORETICAL ASPECT RATIO = 19,683 
Zr02 
Tho2 
21 3 9 4 2 0  e23-607 
2 1  19-420 .33-.07 
170-600 
56-600 
116 -33 
350-33 
* Measured *Calculated 
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*- % .- 
Plate 125B ~ O X  Plate  125A 
B e 0  A1203 
lox 
Plate 125 
Zr02 
Plate 1256 
Hf O2 
lox lox 
Figure 1 -- Oxide powders, as-received. 
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Plate 125C lox Plate 125D lox 
Mgo Tho2 
f 
Figure 1 ,  continued -- Oxide powders, as -received e 
53 
Figure 2 -- Sapphire and ruby s i n g l e  c r y s t a l  spheres, 1OX. 
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iB 
, 6" iB 
Figure 3 -- Typica l  tungs ten  o r  TZM ex t rus ion  components. 
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Figure 4 -- B i l l e t  heating arrangement. 
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RA 3395 
Loader Arm (Roired) 
Figure 5 -- I n d i r e c t  b i l l e t  t r a n s f e r .  Release of the  l a t c h  causes the  
b i l l e t  t o  f r e e  f a l l  down t h e  chute and i n t o  the  trough from 
which it r o l l s  over powdered g l a s s  on a n  inc l ined  t a b l e  t o  
the  loader.  It is then  l i f t e d  by t he  loader i n  f r o n t  of the  
l i n e r  and pushed through the  d i e  by the s t e m .  
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Figure 6 -- High temperature b i l l e t  hea t ing  furnace.  
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Figure 7 -- Overall  view of 1400-ton extrusion press. ~ 
".....- (. . .  . 
Figure 8 -- 1400-ton extrusion press. 
Container Assembly 
Stem 
Front View 
of Bridge Guide and Liner 
Front View 
of Stem 
Figure 9 -- Nuclear Metals Div is ion  s t e m  and con ta ine r  des ign  f o r  applying pressures  t o  240,000 p s i .  
CERAMIC 
DIE INSERT \ rD" "OLDER 
Figure 10 -- Extrusion d i e  system. 
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FIRST 
OX I DE 
MATRIX 
CORE 
SECOND 
OXIDE 
MATRIX 
CORE 
UNIFORM - 
CORE 
t-- 
LTZM OR TUNGSTEN I 
SPACERS THIRD 
OXIDE 
MATRIX 
CORE 
Figure 11 -- Typical flow shapes i n  extrusion.  
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Plate 1495 50X 
Plate 149M 50X 
A1203 -- 1500 O C  
A1203--  18OO0C 
B e 0  -- 15OOOC 
Plate 149K SOX 
Figure 12 -- Oxides heated i n  contact with molybdenum t o  
' 64 
indicated temperatures. 
B e 0  -- 2 1 0 0 ° C  
Plate 1494 5 OX 
Zr02 -- 15OOOC 
Zr02 -- 210OOC 
Plate 149-0 5 OX 
Figure 12 - continued -- Oxides heated i n  contact with molybdenum t o  
indicated temperatures. 
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Plate 149C 5 OX 
Plate 1492 
MgO -- 18OOOC 
Hf02 -- 1800°C 
50X 
Tho* -- 18OOOC 
Plate 149 B 50X 
Figure 12 - continued -- Oxides heated i n  contact with molybdenum t o  
indicated temperatures. 
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Figure 13 I- Extrusion heating curves.  
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Figure 14 -- Extrusion heating curves. 
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TIME -MINUTES 
Figure 15 -- Ext rus ion  hea t ing  curves.  
69 
220c 
2000 
I800 
I600 
0 
0 
w cc 
3 
$ 1400 
W 
LJ 
I- 
a 
a 
2 
t 200 
I O 0 0  
80C 
600 
4 8 
e BILLET #I4 
0 BILLET #I5 
A BILLET #I6 
12 16 
TIME - MINUTES 
20 24 28 
Figure 16 -- Extrusion heating curves. 
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% = B i l l e t  17 
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Figure 17 -- Extrus%.on heating curves. 
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Figure 18 -- Elttrusion heating curves.  
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Figure  19 -- P a r t i a l l y  e x t r a c t e d  f i b e r s .  
Top: B i l l e t  10 
Center :  B i l l e t  11 -- Ruby, s apph i re ,  Z r O  BeO,  Tho2 
Bottom: B i l l e t  12 -- BeO, Tho Zr02 
-- Ruby, s apph i re ,  A1203, MgO,  Hf02 (from l e f t  t o  r i g h t )  
2 ’  
2 ’  
AREA = A 7 
Reduction Ratio A s p e c t  Ratio 
/ 
Diameter I Length 
1.27mm* 1.02mm* 1.27mm* 1.02mm* 
.41mm .35mm 11.4m 9.2mm 
.14m . l l m m  104mm 83 mm 
.047mm .037mm 920mm 6 lOmm 
A R E A =  a7  '/X 
EXTRUSION 
==-+ 
R = -  A 
a 
L = R X D  d = D / f i  L R3/2 ASPECT RATIO = 7 = 
Figure 20 -- A s p e c t  r a t i o ,  diameter, and length o f  spheres extruded with  
three d i f f erent  reduction r a t i o s .  
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IO0 
95 
t 
NUMBERS IN 0 AND 0 ARE 
EXTRUSION NUMBERS. 
0 MOLYBDENUM MATRIX, TUNGSTEN MATRIX 
Figure 2 1  -- Arrangement of s i n g l e  f i b e r  e x t r u s i o n s  according t~ homologous 
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temperature .  
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Figure  22 -- Arrangement o f  double and triple  f i b e r  e x t r u s i o n s  according 
to homologous temperature a 
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B i l l e t  1 -- 1500'C -- TH = 78% 
Billet 2 -- 180O6C -- TH 91% lox 
Figure 23 -- Aluminum oxide extruded In a molybdenum na trix, longitudinal  
sec t ion '  
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Longitudinal Sectfon LOX V i e w  of protruding f i b e r s  5X 
Bi l le t  7 -- 1800'C -1 TH 91%, 
Longitudinal Sect ion iox View of protruding f i b e r s  5X 
Bi l l e t  10 --16OO0C -- Tw f 82% 
Figure 24 -- Aluminum oxide extruded i n  a tungsten matrix,  R=9. 
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Extrusion 10 -- 1600'C -- TH 82% SX 
5x Extrusion 11 -- 1800OC -- TH = 75% 
Figure 25 -- Rubies and sapphfres extruded i n  a tungsten matrix.  
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B i l l e t  1 -- 15OOOC -- TH = 65% 1 ox 
B i l l e t  4 -- 2100% --TH = 86% lox 
Figure 26 -- Beryllium oxide  extruded i n  a molybdenum matrix, long i tud ina l  
s e c t i o n .  
L o n g i t u d i n a l  S e c t i o n  V i e w  of p r o t r u d i n g  f i b e r s  5 X  
B i l l e t  8 - -  21OO0C - - TH = 86%. 
Longi tudina 1 S e c t i o n  lox V i e w  of  p r o t r u d i n g  f i b e r s  5 X  
B i l l e t  11 -- 1 8 0 O O C  - - TH = 75%. 
F i g u r e  27 -- Bery l l ium ox ide  ex t ruded  i n  a t u n g s t e n  matr ix ,  R=9. 
81 
Loose f i b e r s  5x 
Protruding f i b e r s  5x 
Figure 28 -- Beryllium oxide double extruded i n  a tungs ten  matr ix ,  
R = 81, TH = 86%. 
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B i l l e t  4 -- 2100°C -- TH = 80% 1 ox 
B i l l e t  1 -- 150OOC -- TH = 60% lox 
Figure 29 --  Zirconium oxide extruded i n  a molybdenum matr ix ,  longi tudina l  
s e c t i o n .  
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Long i t ud i n a  1 S e c t  i o n  lox V i e w  of  p r o t r u d i n g  f i b e r s  5X 
B i l l e t  8 -- 21OO0C -- TH = 80% 
L o n g i t u d i n a l  S e c t i o n  lox V i e w  of p r o t r u d i n g  f i b e r s  5X 
B i l l e t  11 -- 18OO0C -- TH = 70% 
F i g u r e  30 -- Zirconium ox ide  e x t r u d e d  i n  t u n g s t e n  matrix. 
84 
lox 
B i l l e t  17 -- 2100°C -- TH = 80% 5x B i l l e t  12 -- 2100°C -- TH = 80% 
B i l l e t  17 -- 2100°C -- TH = 80% B i l l e t  12 -- 2100°C --T = 80% 
E x t r a c t e d  f i b e r s  E x t r a c t e d  f i b e r s  H 
F i g u r e  31 -- Double e x t r u s i o n s  of  z i rconium ox ide  i n  t u n g s t e n  matrix, 
R = 81. 
85 
B i l l e t  18 -- 1900°C --TH = 73% 
15v/o oxides 
2-1/4X 
Bil let  19 -- 21OO6c -- TH = 80% 
35'10 oxides 
2-1/4X 
Figure 32 -- P a r t i a l l y  extracted zirconium oxide f i b e r s  i n  a tungsten matrix,  
86 
Long i tud ina 1 sect ion 1OX Part ia l ly  extracted fibers 5X 
5X Extracted f ibers  
Figure 33 -- T r i p l e  extrusion of zirconium oxide i n  a tungsten matrix, 
Billet: 2 -- 1900OC -- TH = 73% -- R = 7 2 9 ,  
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B i l l e t  2 -- 18OOOC --TH = 68% lox 
Figure 34 -- Hafnium oxide extruded i n  a molybdenum matrix, l ong i tud ina l  
s e c t  ion  e 
88 
Longitudinal  Sec t ion  
B i l l e t  9 -- 2 
1OX V i e w  of protruding f i b e r s  
3OOOC --TH = 84% 
5x 
Longitudinal  Sec t ion  1OX V i e w  of protruding f i b e r s  5X 
B i l l e t  7 -- 18OOOC --TH = 68% 
Figure 35 -- Hafnium oa ides  extruded i n  a tungsten matrix, 
89 
Longitudinal  Sec t ion  lox V i e w  of protruding f i b e r s  5 X  
Ext rac ted  F ibe r s  5x 
B i l l e t  10 -- 1600°C -- TH = 61% 
Figure 35 - continued -- Hafnium oxides  extruded i n  a tungsten matrix. 
90 
Long i t ud i n a  1 S e c t  i o n  
E x t r a c t e d  F i b e r s  
1 ox 
5x 
F i g u r e  36 -- Double e x t r u s i o n  of hafnium o x i d e ,  
B i l l e t  20,  1800°C -- TH = 68% -- R = 81. 
9 1  
Bi l l e t  2 -- 180OOC -- TH = 68% lox 
Figure 37 -- Magnesium oxide extruded i n  a molybdenum matrix,  l ong i tud ina l  
s e c t i o n .  
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L o n g i t u d i n a l  S e c t i o n  1OX V i e w  of  p r o t r u d i n g  f i b e r s  5x 
B i l l e t  9 -- 230OOC -- TH = 84% 
L o n g i t u d i n a l  S e c t i o n  1OX V i e w  o f  p r o t r u d i n g  f i b e r s  5x 
B i l l e t  7 -- 1800OC --TH = 68% 
F i g u r e  38 -- Magnesium ox ide  e x t r u d e d  i n  a t u n g s t e n  matrix. 
93 
5x Extrac ted  f i b e r s  1OX V i e w  of protruding f i b e r s  
B i l l e t  10 -- 16OOOC -- TH = 61% 
Figure 38 - continued -- Magnesium oxide extruded i n  a tungs ten  mat r ix .  
94 
Longitudinal  Sec t ion  
Loose Fibers 
Figure 39 -- Double ex t rus ion  of  magnesium oxide,  
B i l l e t  20 -- 18OO0C -- TH = 68% 
95 
1 ox 
5x 
B i l l e t  4 -- 2120'C - -  TH = 68% 
Figure 40 -- Thorium oxide extruded i n  a molybdenum matrix,  longitudinal  
s e c t i o n  e 
1 ox 
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Longitudinal  Sec t ion  1OX V i e w  of protruding f i b e r s  
B i l l e t  9 -- 23OO0C -- TH = 74% 
5x 
Long i t ud i n a  1 Sec t  i on  1OX V i e w  of protruding f i b e r s  
B i l l e t  8 -- 2100'C e- TH = 68% 
5x 
Figure 41  -- Thorium oxide extruded i n  a tungs ten  matrix, 
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Long i t udina l Se c t ion 1OX V i e w  of protruding fibers 5x 
Bi l l e t  11 -- l 8 O O 6 C  --TH = 58% 
Figure 41. L caiitdneed -- Thorium oxide extruded i n  a tungsten matrix, 
98 
Extracted f i b e r s  5X V i e w  of protruding f i b e r s  5x 
Billet 12 -- 21OOOC -- TH = 68% 
Longitudinal S e c t i o n  1OX V i e w  of protruding f i b e r s  5X 
B i l l e r  17 -- 2 L O O O C  --TW = 68% 
Figure  42 -- Thorium oxide double extruded i n  a tungs ten  matrix. 
93 
Longitudinal Sect ion 5x 1OX V i e w  of protruding f i b e r s  
B i l l e t  19 -- 2100'C -- TH = 68% 
35 v/o oxide 
5x Longitudinal Sect ion lox V i e w  of protruding f i b e r s  
Bi l le t  18 -- 1900°C --TH = 63% 
Figure 42 - continued -- Thorium oxide double extruded i n  a tungsten matrix.  
100 
Figure 42 - continued 1- Thorium oxide double. extruded i n  a tungsten matrix.  
10 l 
5x 
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17876 S t .  Clair  Avenue (1) 
Coors Porce la in  Company 
600 Ninth S t r e e t  
Go l d e r  Colorado 8040 1 
Attn:  Mrs. P. A. Coubrough 
Douglas A i r c r a f t  Company, MFSD 
Santa Monica, Ca l i fo rn ia  90406 
Attn: Library  
3000 Ocean Park Bouldvard (1-1 
Fans tee l  Me ta l lu rg ica l  Corporat ion 
North Chicago, I l l i n o i s  60064 
At tn :  Library  
Number One Tantalum Place (1) 
F i r t h  S t e r l i n g  Inc.  (1) 
Powder Metals Research 
P i t t sbu rgh ,  Pennsylvania 15230 
A t t n  : Library  
Pa 0 ,  BOX 71  
Ford Motor Company (1) 
Mate ria Is Deve lopmen t De partmen t 
20000 Rotunda Drive 
P. 0. Box 2053 
Dearborn, Michigan 58123 
Attn:  MK. Y. P. Telang 
General Electric Company (1) 
Lamp Metals and Components 
21801 Tungsten Road 
Cleveland , Ohio 44117 
At tn :  Mr. Dave M c M i 1 1  
General E l e c t r i c  Company (1) 
Materials Development Lab. O p e r .  
Advance Engine and Tech. D e p t .  
C inc inna t i ,  Ohio 45215 
Attn:  L. P. Jahnke 
General Electr ic  Company (1) 
Advanced Technology Lab. 
Schenectady, New York 12305 
Attn:  Library  
General E l e c t r i c  Company (1) 
Reentry and Environmental System 
Valley Forge Space Technology Center  
P. 0. Box 8555 
Phi lade lphia ,  Pennsylvania 19101 
Divis ion 
General Motors Corporation (1) 
Al l i son  Divis ion 
Indianapol i s  , Indiana 46206 
Attn:  D. K. Hanink 
Mater ia l s  Lab. 
General Technologies Corporation (1) 
1821 Michael Faraday Drive 
Reston, Vi rg in ia  22070 
Attn: D r .  R. G. Shaver 
V.P., Engineering 
I I T  Research I n s t i t u t e  
Techno logy Center 
Chicago, I l l i n o i s  60616 
Attn:  M r .  V. H i l l  
I I T  Research I n s t i t u t e  
Technology Center 
Chicago , I l l i n o i s  60616 
At tn  : Library  
Univers i ty  of I l l i n o i s  (1) 
Department of Ceramic Engineering 
Urbana, I l l i n o i s  61801 
At tn :  Mr. J. Wurst 
Lockheed-Georgia Company (1) 
Research Laboratory 
Marietta, Georgia 30060 
At tn :  D r .  W. S. Cremens 
Lockheed -Pa l o  A l to  Re search  
Labs. 
Materials and Science Lab. 52-30 
3251 Hanover S t r e e t  
Palo Al to ,  Ca l i fo rn ia  94304 
Attn:  Tech. Information Center 
(1) 
P. R. Mallory and Company, Inc .  
Ind ianapo l i s ,  Indiana 46206 
Attn:  Technical  Library  
3029 East Washington S t r e e t  (1) 
Ohio S t a t e  Univers i ty  (1)  
Columbus , Ohio 43210 
Attn:  Prof .  R. A. Rapp 
Dept .  of Metal lurgican Eng. 
Owens-Corning F ibe rg la s s  Corporation 
Granvi l le  , Ohio 43023 
Attn: M i s s  B. J. Nethers 
Technical  Center (1) 
Reactive Metals, Inc.  
100 Warren Avenue 
Niles, Ohio 44446 
At tn :  H. D. Kessler 
Rutgers Univers i ty  (1) 
School of  Ceramics 
Univers i ty  Heights Campus 
New Brunswick, New J e r s e y  
Attn:  Prof .  W. H. Baver 
Solar  Div is ion  (1) 
I n t e r n a t i o n a l  Harvester  Corporation 
San Diego, C a l i f o r n i a  92112 
At tn :  J. V. Long 
Di rec to r  of Research 
Sylvania Electr ic  Products ,  Inc.  (1) 
Chemical and Meta l lu rg ica l  Div is ion  
Towanda , Pennsylvania 18848 
Attn:  D r .  J. S. Smith 
TRW Electromechanical  Div is ion  (1) 
TRW Inc . 
23555 Eucl id  Avenue 
Cleveland, Ohio 44117 
At tn  : Library  
Union Carbide Corporat ion (1) 
Attn:  Technica l  Library  (1) 
Metals Systems Divis ion  
Kokomo, Indiana 46901 
Universal-Cyclops S t e e l  Corporat ion 
Bridgevi  1 le , Pennsylvania 150 17 (1) 
Attn:  Library  
United A i r c r a f t  Corporat ion (1) 
400 Main S t r e e t  
East  Har t ford ,  Connecticut 06108 
At tn :  Research Library  
Univers i ty  of  Washington (1) 
Ce rami c s De par tme n t 
S e a t t l e ,  Washington 98101 
At tn :  D r .  J. Mueller 
Westinghouse E l e c t r i c  Corporat ion 
Bloomf i e  Id , New Je r sey  07003 
At tn :  Library  
MacArthur Avenue (1) 
Wah Chang Corporat ion 
Albany, Oregon 97321 
At tn  : Library  
Westinghouse E l e c t r i c  Corporat ion 
Re se arch  Labora t o r i e  s 
Beulah Road, 
Church i l l  Buro. 
P i t  t sb  urgy , Pe nnsy lvania  1523 5 
At tn :  Mr. R. Greki la  
(1) 
Wah Chang Corporat ion ( 1) 
Albany, Oregon 97321 
At tn :  S. Worster 
United A i r c r a f t  Corporat ion (1) 
P r a t t  and Whitney Div is ion  
West Palm Beach, F l o r i d a  33402 
Attn:  L ib ra ry  
